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COMPOSITION OF THE HONEYDEW OF THE APHID 
BREVICORYNE BRASSICAE (L.) FEEDING ON SWEDES 
(BRASSICA NAPOBRASSICA DC.) 


K. P. LAMB 


Plant Diseases Division, Department of Scientific and Industrial Research, 


Auckland, New Zealand 


(Received 25 April 1958) 


Abstract—Honevydew of Brevicoryne brassicae feeding on swedes was a faintly acid 
solution (pH 5-1—7-4) containing approximately 11 per cent dry matter, mostly carbo- 
hydrate in nature (88 per cent carbohydrate, 7 per cent nitrogenous compounds). 
Reducing sugars (fructose and glucose) comprised 27 per cent of the total carbo- 
hydrate. Acid hydrolysis of the non-reducing sugars yielded mainly glucose and a 
little fructose. Free amino acids and amides (in more or less equal amounts) accounted 
for 72—90 per cent of the total-N. Glutamine was the major constituent while glutamic 
and aspartic acids and two unknown ninhydrin-reacting compounds “under gluta- 
mine’ also occurred in moderately large amounts. Smaller quantities of seventeen 
other amino acids were also present. All the amino acids and amides found in the 
honeydew also occurred in soluble form in the swede leaf in siunilar proportions. 
Nitrates accounted for 5 per cent of the total-N and ammonia appeared in trace 
amounts. All but 5—8 per cent of the total-N could be accounted for. Uric acid, urea, 
allantoin, allantoic acid, creatine, or creatinine could not be detected. Limits of 
detection : uric acid 1 per cent, urea 2} per cent of total-N. Citric acid was the major 
organic acid but malic, succinic, and fumaric acids occurred in smaller amounts. 
Chlorides and phosphates were present, 2:8 per cent of the dry matter being phos- 
phorus (expressed as P,O,). The N/P ratio of the honeydew (0-71) was considerably 
lower than that of the soluble fraction of the swede leaf (3-4) or of whole alate B. 
brassicae (8:2). The only classical form of “excretory nitrogen” found was ammonia 
which comprised less than 0-5 per cent of the total nitrogen. It is hypothesized that 
ammonia may be detoxified in the mycetome by symbiotic organisms which utilize it 
preferentially as a nitrogenous substrate. 


INTRODUCTION 
Many plant-feeding Homoptera (especially aphids and scale insects) produce 
copious quantities of clear, fluid excreta. ‘This sweet, sticky honeydew was once 
believed to be exuded from leaves or from aphid cornicles but it is now known 
to be released in droplets from the anus of the insect concerned. 

Honeydew contains much carbohydrate and appreciable quantities of amino 
and other organic compounds. It plays an important biological role as food for 
many insects, especially Hymenoptera. Zoebelein (1956) recorded 246 species of 
honeydew-feeding insects belonging to 49 families. Some are obligate honeydew 
feeders (certain ants), while others are facultative in that respect. The latter 
gruup includes many adult insect parasites (Ichneumonids, ‘Tachinids) and 
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predators (Coccinellids, Anthribids, and Syrphids). Bees and wasps sometimes 
feed on honeydew, and honeydew honey is sometimes of considerable economic 
importance as, for example, in parts of ‘Turkey (ErmiNn, 1950). However, honey 
containing large amounts of honeydew sometimes has undesirable physical 
properties, and cases are known of the production of poisonous honey, e.g. through 
the incorporation of honeydew of Scolypopa australis Walk. which was feeding 
on the poisonous plant Coriaria arborea (PALMER-JONES ef al., 1947). Certain 
honeydews provide the substrate for growth of sooty mould fungi on plants. 
Although these fungi are not normally regarded as pathogenic they are unsightly 
and may spread over leaves to such an extent as to interfere with photosynthesis 
of the host. 

So long as an aphid is feeding, it constantly excretes droplets of honeydew. 
There has been much speculation as to the reason for the production of honeydew 
in such large quantities. Early workers believed that aphid food contained little 
nitrogenous material and that consequently large volumes of food had to be 
ingested to obtain sufficient amino-nitrogen. More recent work has shown that 
substantial quantities of a broad spectrum of amino acids and amides are excreted 
unchanged by aphids so that the earlier view is now untenable. This subject was 
recently reviewed by WATERHOUSE (1957) who concluded that “honeydew must, 
therefore, be regarded as a mixture of excess carbohydrates, amino acids, water, 
and other sap constituents to which the insect contributes various additional 
metabolic and excretory products.” 

Little is known of the nature of these metabolic and excretory products. In 
fact, little is known of the nutritional requirements of phytophagous insects in 
general (House, 1956). Studies of aphid nutrition have been hindered in the 
past through inability to feed aphids artificially. KeNNepy and Mirrier (1953) 
succeeded in sampling aphid food (phloem sap) by way of stylets cut in situ. This 
technique works quite well with large aphids on woody plants but with smaller 
aphids on herbaceous plants it has not proved possible to collect sufficient 
quantities of phloem sap for comprehensive quantitative analyses. LINDEMANN 
(1948) sampled phloem sap from cut twigs of currants and followed seasonal 
variations in total nitrogen content. Marked changes were found corresponding 
to phases of plant growth, the concentration being highest in spring when growth 
was most active. Concurrent analyses of honeydew of Cryptomyzus ribis showed 
the same trend. MitTTLer (1953) confirmed this with Tuberolachnus salignus on 
willows and showed that the greatest variety and abundance of amino acids in 
sap and honeydew occurred during vigorous growth and senescence of foliage. 
Aphid food (phloem sap) and excreta therefore vary in composition according 
to the state of growth of the host plant. 

In view of the nutritional importance of nitrogenous compounds (both for 
aphids and honeydew feeders), and as part of a programme for the investigation 
of the nature of aphid resistance, the honeydew of the cabbage aphid (Brevi- 
coryne brassicae (L..)) feeding on swede plants (Brassica napobrassica DC.) has 
been examined with special reference to these compounds. 
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COMPOSITION OF THE HONEYDEW OF THE APHID Brevicoryne brassicae (L.) 


MATERIAL AND METHODS 
Fresh honeydew was collected from aphid colonies on swede leaves (Brassica 
napobrassica DC.) with the aid of a capillary pipette. Daily collections were 


weighed, frozen, and stored at —10°C until required. In some cases honeydew 


was collected on glass plates beneath aphid colonies, rapidly dried im vacuo, 
weighed, and stored at — 10°C. 

Paper chromatography of amino acids was by the method of Dent (1947). 
Phenol : water and n-butanol : acetic acid : water (4 : 1 : 5) were the main solvents 
used. Amino acids were detected with 1 per cent ninhydrin in 95 per cent ethanol 
and/or 0-2 per cent isatin in acetone. 

Organic acids were detected with 0-1 per cent brom-cresol-green in ethanol on 
ascending chromatograms. As well as the above solvents, n-butanol : formic 
acid : water (4: 1:5) and ether: acetic acid : water (13 :3:1) were used 
(Luce and OvereLt, 1947; DENISON and Puares, 1952). Sugars were chromato- 
graphed in n-butanol : acetic acid : water (4:1:5) (ParrripGe and WESTALL, 
1948) or n-butanol : ethanol : acetone : water (5 : 4:3: 2) (Gray and FRAENKEL, 
1954). The identification of sugars was checked by paper electrophoresis with 
borate buffer pH 9-0, using the apparatus of MARKHAM and Situ (1952). For 
detection of sugars the benzidine-trichloracetate reagent of Bacon and EDELMAN 
(1951) was used. Periodate oxidation followed by the ammoniacal silver nitrate 
procedure of ‘TREVELYAN et al. (1950) was used for detection of trehalose (EVANS 
and Dernier, 1957). Ketohexoses were detected with naphthoresorcinol-HCl 
(ForsytH, 1948). Anilin-phthalate was used for aldohexoses (PARTRIDGE, 1949). 
Eluted spots from chromatograms were acid hydrolysed in 1-5N sulphuric acid 
(Pirt and WuHetan, 1951) and re-chromatographed. Standards of authentic 
organic acids or sugars were run on all chromatograms or in paper electrophoresis. 

Because the high sugar content of honeydew often interfered with the chroma- 
tographic separation of other constituents, samples were first fractionated on 
columns of ion exchange resins. Two 5 x 350 mm columns were used in series. 
The first column, containing the cation exchange resin Zeokarb 215-H, extracted 
amino acids, amides and bases from dilute honeydew solution. The second column, 
of anion exchange resin (IRA 400-OH), removed organic acids from solution, 
leaving the sugars in the final effluent. Amino acids were eluted with 5N- and 
N-ammonium hydroxide while organic acids were eluted from the second column 
with N-ammonium carbonate. Ammonia was boiled off the eluates which were 
concentrated to a convenient volume on a water bath. Part of the amino acid 
fraction was hydrolysed with N- and 6N-HCI prior to chromatography. Com- 
parison of honeydew samples before and after ion exchange treatment showed 
that there was some loss of arginine on the cation exchange column but other- 
wise there was no apparent change in composition. 

Total nitrogen was determined by the micro-Kjeldahl procedure of MARKHAM 
(1942). Ammonia was isolated by microdiffusion (Conway, 1950) and estimated 
by the phenol-hypochlorite method of Russeit (1944). Glutamine and asparagine 
were determined by the method of Pucuer et al. (1935). Total amide, nitrate, and 
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nitrite nitrogen were determined by the method of VARNER ef al. (1953). The 
ninhydrin method of CocKING and YemM (1954) was used for «-amino nitrogen 
estimation before and after acid hydrolysis (LAMB, 1957). 

Total carbohydrate was estimated by the anthrone method of YEMM and 
Wituis (1954). Reducing sugars were determined by the method of SoMoGYI 
(1945), using the arsenomolybdate reagent of Netson (1944) for colour develop- 
ment. 

Phosphate was detected on chromatograms by the Hanes-IsHERWOOD (1949) 
reagent and was determined quantitati ely in honeydew by the method of ALLEN 
(1940) following sulphuric acid digestion (Jones et al., 1951). 


RESULTS 

Honeydew is excreted from the anus of the cabbage aphid as droplets of 
clear, colourless, viscous fluid, coated externally with white, powdery wax similar 
to that coating the body. The water-repellent nature of the waxy coating results 
in droplets remaining discrete and relatively uncontaminated about the aphid 
colony. By using a sufficiently fine capillary to collect the honeydew, the waxy 
powder was filtered off during collection. 

Fresh honeydew contained 5-9-17-7 per cent dry matter (mean 11-4 per cent 
six collections). The pH varied from 5-1—7-4 and conductivity measurements on 
two samples indicated an electrolyte content equivalent to 1-6 per cent KCl 
(based on dry matter). Most of the dry matter was composed of carbohydrates 
(about 90 per cent by weight). Nitrogenous compounds comprised about 3-9 
per cent of the dry matter. The major constituents of B. brassicae honeydew are 
considered below. 


(1) Nitrogenous fraction 
The results of quantitative analysis of three separate honeydew collections 
are summarized in Table 1. Total-N of the honeydew varied from 0-16 to ()-32 
per cent of the fresh weight. In four dried samples it comprised 0-44-1-8 per 
cent of the dry weight. Amino- and amide-N accounted for 72-90 per cent of 
the total-N. In the first and third sets of analyses all but 5-5 per cent of the 
nitrogen could be accounted for though there was discrepancy of 28 per cent in 
the second sample. 

The principal nitrogenous constituent of honeydew was glutamine, which 
accounted for approximately two-thirds of the total-N. Other important amino 
constituents were glutamic acid, aspartic acid, and two or three unknown ninhydrin- 
reacting compounds running under glutamine in phenol and butanol-acetic 
solvents. One of these compounds gave a brownish-pink reaction with ninhydrin 
and all were unstable to acid hydrolysis (N or 6N-HC1) or to peroxide oxidation. 
An increase in glycine and alanine was also noted on acid hydrolysis or peroxide 
oxidation. 

Chromatographic estimation of the major amino acid constituents of two 
samples of fresh honeydew by the ultramicro method of AucLair and DUuBREUIL 


ay 


COMPOSITION OF THE HONEYDEW OF THE APHID Brevicoryne brassicae (L.) 5 


(1952) confirmed that glutamine was by far the most abundant amino-N consti- 
tuent (see Table 2). The amino acid content of the first sample (collected in 
summer) was approximately five times that of the second sample (collected in 
winter). 


TABLE 1—NITROGENOUS CONSTITUENTS OF HONEYDEW (3 COLLECTIONS) 


T 


Collection 1 Collection 2 Collection 3 
| (11 August 1952) (11 August 1953) (11 July 1956) 


| as % w/w w/w | as% | wiw as % 
fresh | dry | total-N | fresh | dry total-N | fresh | dry | total-N 
h.d. | 


h.d. | hid. 


Ammonia-N 


} Oo | 0 — |0-001 0-2 
Glutamine amide-N 0-065 20* | 0-053 | 0-48 | 33 0-22 49 
Asparagine amide-N | 0-053 16 | 0-001 | 0-01 | 8 | — |0-22 49 

a-amino-N 0-148; — 45 | 0-050 | 0-46 | | 0-18 41 

Nitrite + nitrate-N : | - ~ - | - | — |0-02 5 

Undetermined N 0-025 | 8 | 0-055) 0-51 | 28 — |0-02 5 
Soc Total amino acids and 

amides (N 7:2)t 2-35 | 114 |10-4 | | 3-17 


| 
| | 


* Some decomposition of glutamine in this sample resulted in a lowered glutamine figure 
and an elevated value for ammonia. 


+ Conversion factor calculated from approximate amino acid composition. 


Amino acids occurring in moderate amounts included serine, glycine, threo- 
nine, alanine, valine, methionine, leucines, arginine, lysine, and cysteic acid. 
Sometimes, in trace amounts, tyrosine, y-aminobutyric acid, phenylalanine, 


TABLE 2—QUANTITATIVE AMINO ACID DETERMINATIONS ON TWO FRESH HONEYDEW 
SAMPLES 


Collection of 6 February 1953 Collection of 23 July 1953 


| mg/g fresh h.d. | mg/g dry h.d. 


mg/g fresh h.d. 


Glutamine 5-0 43-7 2-19 
Glutamic acid 2-0 17°5 0-42 
Aspartic acid +0 35-0 0-74 
Valine /Methio- 

nine 0-36 
Leuc ine Tso- 

leucine 0-3 2-5 


dihydroxyphenylalanine, histidine, cystine, and $-alanine were also present. With 
the exception of dihydroxyphenylalanine, all the above compounds were found 
in alcoholic extracts of swede leaves. 


i 
Total-N 0-326 100 0-159 | 1-45 100 ()-44 100 
| 
a 
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‘There was no indication of the presence of protein or substantial amounts of 
peptide in honeydew—unless the “under glutamine”’ spots were peptides—since 


acid hydrolysis did not result in a substantial increase in amount of any amino 


acids (apart from glycine and alanine referred to above, and the conversion of 


glutamine and asparagine to glutamic acid and aspartic acid respectively). No 


turbidity resulted on the addition of ethanol or trichloracetic acid to honeydew. 


(Qualitative tests did not reveal the presence of the following nitrogen com- 


pounds. (Limits of detection as percentage total nitrogen are given in each case.) 
1 


Urea (24 per cent; Ehrlich’s reagent, urease); allantoin or allantoic acid (5 per 


cent; Ehrlich’s reagent); creatine or creatinine (2 per cent; alkaline picric acid, 


ferricyanide-nitroprusside reagent of Berry ef a/., 1951); or uric acid (1 per cent; 


ammoniacal silver nitrate, ultraviolet absorption spectrum, chromatography by 
the method of MARKHAM and Smirn, 1949, selective precipitation by the method 
of BERGMANN and DiKsTEIN, 1954). 


(11) Organic ac ids 


Citric acid was the major organic acid present in honeydew. Smaller amounts 


of malic, succinic, and fumaric acids were also present. ‘Traces of pyrrolidone 


carboxylic acid (a breakdown product of glutamic acid), ‘socitric acid, and several 


unidentified acids were also found in some samples. ‘The presence of phosphate, 


nitrate, chloride, and sulphur was confirmed by spot tests (FricL, 1947). 


In swede leaf extracts malic acid was present in larger amounts than citric 


acid. ‘This could possibly be accounted for by diurnal variation since swede 


leaf samples were taken only in the daytime while honeydew included 24 hour 


samples 


(Ill) Carbohydrates 


On chromatograms, much glucose and some fructose were found consistently 


in honeydew samples. Traces of sucrose were found in two samples. Some 


‘TABLE 3—QUANTITATIVE ANALYSIS OF CARBOHYDRATE, HONEYDEW COLLECTION 3 
(oF ‘TABLE 1); VALUES EXPRESSED AS GLUCOSE PER CENT DRY MATTER 


Per cent dry Per cent total 


matter carbohvdrate 


‘Total carbohydrate (anthrone) 88 0-65 
Re lucing sugars (Somogvi- Nelson) 24 0-65 27 
Reducing sugars (after acid hydrolvsis) 82 2:68 
Non-reducing carbol vdrate (by difterence 64 


oligosaccharides or higher molecular weight compounds streaked from the origin 


when large samples were taken and these compounds reacted only weakly with the 


usual spraying reagents. 
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Quantitative analysis of honeydew (Table 3) indicated the presence of sub- 
stantial quantities of non-reducing carbohydrate (64 per cent of the dry matter) 
not revealed on earlier chromatograms. 

Swede leaf extracts contained much fructose, glucose, and sucrose and little 
raffinose. ‘The substantial decrease in sucrose in honeydew indicates invertase 
activity in the aphid gut. 


Other constituents 


Quantitative analysis of one bulk collection of honeydew (collection 3, Table 
1) for phosphorus gave a value of 0-62 per cent (based on dry weight), i.e. 2°84 
per cent as P,O,. The N/P ratio for this honeydew was 0-71. The N/P ratio 
of the alcohol soluble fraction of swede leaf tissue was found to be 3-4, whereas 
the N/P ratio of whole alate B. brassicae was found to be 8-2. 


DISCUSSION 

‘wo questions emerge from this work: (a) does honeydew largely comprise 
undigested food, and (4) in what form is nitrogen excreted after being subjected 
to the metabolic processes of the insect ? 

The qualitative similarity of the amino acid and amide constituents of honey- 
dew and the soluble fraction of swede leaves suggests that honeydew is at least 
partly composed of undigested sap as WATERHOUSE (1957) has indicated. MiITrLer 
(1953) found no evidence for selective absorption of amino acids in the gut of 
Tuberolachnus salignus. ‘These findings are confirmed for the cabbage aphid but 
direct chromatographic comparison is not sufficiently sensitive to detect minor 
quantitative changes in individual amino acid constituents. Precise estimation of 
individual amino acids in both food and excreta will be required before this is 
firmly established. 

Fluctuations in the amino acid content of the honeydew closely follow seasonal 
fluctuations of plant amino acids associated with plant growth. For example, 
B. brassicae honeydew collected in summer when plants were actively growing 
in the glasshouse contained five times the quantity of amino acids found in winter 
(Table 2) when plant growth was almost at a standstill. This variation is of the 
same order as the seasonal variation in currant phloem sap nitrogen (LINDEMANN, 
1948). 

The carbohydrate fraction of B. brassicae honeydew has not been analysed in 
detail. ‘he reducing sugars (27 per cent of the total carbohydrate) were identified 
chromatographically and electrophoretically as fructose and glucose. Comparative 
values for reducing sugar content of a number of honeydews are given in Table 
4. The value found for cabbage aphid honeydew is very close to the average 
value. It is probable that these sugars, at least, represent surplus undigested 
food. 


The composition of the non-reducing sugars is more complex. Earlier workers 


recorded the presence of large quantities of dextrin (BoussiNGAULT, 1872; 
ARNHART, 1927; Getnitz, 1930; Micuer 1942), or melezitose (Micuer, 1942), 
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Duspiva (1953) reported the presence of complex mixtures of oligosaccharides 
in honeydew. He postulated that these were synthesized enzymatically in the 
aphid gut by transglycosidation. Wire and MAner (1953) showed that when 
invertase acted on sucrose im vitro various oligosaccharides were produced. In 
the same year, GRAY and FRAENKEL reported the presence of one of these, fructo- 
maltose, in the honeydew of Pseudococcus citri and Aphis spiraecola. Duspiva 
(1954) stated that apart from the sugars glucose, fructose, and sucrose which were 
derived from the food, three oligosaccharide series occurred in honeydew as a 


TABLE 4—REDUCING SUGAR CONTENT OF VARIOUS HONEYDEWS 


Expressed as 
per cent 
total sugar 
Sinai manna (BoussINGAULT, 1872) 25 
Honeydew on Tilia (BousstNGAULT, 1872) 26 
Lachnus muravensis honeydew (ARNHART, 1927) 14 
L. pichtae honeydew (Getnttz, 1930) 48 
L. pichtae honeydew (ERMIN, 1950) 31 
L. roboris honeydew (MicuHe., 1942) 19 
Pseudococcus brevipes honeydew (Gray, 1952) 34 
Myzus circumflexus honeydew (MALTAIS and | 
Auc air, 1952) 36 
Brevicoryne brassicae honeydew (see Table 3) | 27 


result of transglycosidation in the gut. These were an “amylose series’’ (with 1, 
4-linked hexose groups), a “dextran series’ (with 1, 6-linked groups), and a third 
series derived from a terminal sucrose linked with one or more glucose units. 
He synthesized members of these oligosaccharide series im vitro using aphid 
gut and salivary gland preparations and various sugars as substrates. According 
to Duspiva these different groups of carbohydrates were represented in different 
amounts in the honeydew of different aphids. Gray and FRAENKEL (1954) 
recorded the presence of glucose-l-phosphate and fructomaltose in the honeydew 
of Pseudococcus citri, Pulvinaria vitis and Aphis spiraecola. Wor and Ewart 
(1955) found oligosaccharides of Duspiva’s third series in the honeydew of 
Coccus hesperidum, viz. glucosucrose (=fructomaltose), maltosucrose, maltotrio- 
sucrose, and ? malto-tetro-sucrose. 

There seems little doubt that a substantial part of the carbohydrate present 
in honeydew is in the form of oligosaccharides synthesized in the gut from simple 
sugars ingested by the aphid. 

Apart from traces of sucrose and raffinose (which probably represented un- 
digested food) the non-reducing carbohydrates of B. brassicae were not identified. 
Melizotose was not found and attempts to isolate dextrin by acetone precipitation 
were not successful. Since sucrose was apparently digested by the aphid it is 
possible that oligosaccharides of Duspiva’s third series comprised part of the 
non-reducing fraction. 
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In so far as extensive changes occur in the carbohydrate fraction during passage 
through the gut, the greater part of the honeydew sugars must be regarded as 
partially digested rather than undigested material. 

When proteins or amino acids are digested by animals, ammonia is produced. 
This is usually converted into various nitrogenous compounds (uric acid, urea) 
before excretion, but is sometimes excreted unchanged, and this is correlated with 
ecological habitats. Thus terrestrial insects are mostly uricotelic since 80-90 
per cent of the total nitrogen excreted is in the form of uric acid. This type of 
excretion is associated with a need for water conservation, especially during early 
development. Urea only occurs in small amounts in insect excreta. The excretion 
of ammonia, uncommon among terrestrial insects, is characteristic of aquatic 
organisms. ‘This is because ammonia is a highly toxic compound and requires a 
plentiful supply of water for its efficient elimination. 

The question now arises whether or not aphids conform to the normal urico- 
telic type of excretion most common in insects since the only classical form of 
excretory nitrogen found in honeydew of B. brassicae was ammonia, and this 
comprised less than 0-5 per cent of the total nitrogen in the excreta. 

Gray and FRAENKEL (1954) claimed that uric acid was present in the honey- 
dew of the citrus mealybug since they obtained positive reactions with Benedict's, 
Schiff’s and the murexide tests. Earlier, TruszkKowsk!i and CHAJKINOWNA (1935) 
were unable to detect uric acid, uricase, or xanthine oxidase in aphids. Gray 
(1952) observed on his chromatograms of pineapple mealybug honeydew, the 
formation of two black spots with mercuric nitrate reagent for purines and pyrimi- 
dines. One of these spots coincided with cystine and the other was very near 
aspartic acid. Since these chromatograms were run in phenol and butanol- 
acetic acid-water it is unlikely that either spot was uric acid since this substance 
is usually found near the origin in those solvents. MaLtais and AucLAIR (1952) 
working with the honeydew of Mysus circumflexus were able to account for the 
whole of the nitrogen present as amides and amino acids. Good agreement was 
found between results obtained by quantitative paper chromatography, the Van Slyke 
gasometric method for amino nitrogen and the Kjeldahl method for total nitrogen. 

The findings of Gray and FRAENKEL conflict with those of MALTAIs and 
AvucLair and ‘TRuszKkowskI and CHajKINOWNA. Further, the tests used by Gray 
and FRAENKEL were not specific for uric acid alone. Benedict’s arsenophospho- 
tungstate reagent reacts with glucose (SNELL and SNELL, 1953), a common honey- 
dew constituent. Schiff’s test, based on the blackening of silver in the presence 
of uric acid under alkaline conditions, is unsuitable for use on raw biological 
extracts of this sort since it should not be applied in the presence of chlorides. 
In addition, a positive reaction can be obtained with a variety of reducing sub- 
stances. The murexide test is given by pteridines (Gates, 1947) which are widely 
distributed in insects. 

Careful examination of B. brassicae honeydew failed to reveal the presence of 
uric acid. ‘Tests for urea, allantoin, allantoic acid, creatine, or creatinine were 
also negative. Extraction of whole aphids with boiling 80 per cent ethanol or 
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cold 0-1 N sodium hydroxide and chromatography of the extracts, failed to reveal 
the presence of uric acid. We may therefore assume that aphids are not uricotelic. 
This conclusion gains added weight from the fact that aphids lack Malpighian 
tubules (Weer, 1929), which are primarily concerned in uric acid excretion in 
other insects (WIGGLESWoRTH, 1931). 

It is possible that other forms of excretory nitrogen were present in the 5-8 
per cent of ‘‘undetermined-N” in the honeydew analyses (samples 1 and 3, Table 
1) even though this discrepancy is probably within the experimental error of the 
analyses. 

he low level of excretory nitrogen (ammonia) in the honeydew (assuming 
that the amide and amino-N represent undigested food rather than true excretory 
products) suggests either that aphid digestion is highly efficient or that excretory 
nitrogen is disposed of within the insect and stored in some undetermined form. 
On the other hand the relatively large volume of water passing through the gut 
may be sufficient to dilute and flush out ammonia and thus obviate its toxic 
effects; a situation parallel to that found in aquatic insects. 

It might be expected that aphids would possess some internal arrangements 
for detoxicating part of the ammonia formed in digestion. The internal organ 
which comes to mind in this connexion is the mycetome which occupies a large 
part of the body cavity (especially in young, growing aphids). 

The mycetomes are packed with symbiotic organisms which are present from 
the early stages of embryonic development. T6rH (1940) drew attention to the 
mycetomes in aphids and suggested that they played a role in supplementing the 
protein intake by fixation of atmospheric nitrogen. ‘T6TH, WoLsky, and BaTyKa 
(1944) demonstrated the fixation of atmospheric nitrogen im vitro using a surviving 
system technique with 21 species of Rhynchota. This finding was not confirmed 
for the two species of aphids investigated by Smiru (1948). 

Fink (1952) succeeded in growing the symbionts of Pseudococcus citri in 
culture and was able to demonstrate the fixation of atmospheric nitrogen and 
ammonia by the bacteria as well as the production of various amino acids, vitamins, 
and enzymes. He suggested that the insects were dependent upon the symbionts 
for the provision of important nutritional factors. The experimental evidence 
provided by this worker is more convincing than much of the earlier work in 
this field. 

When nitrogen-fixing organisms are placed in a medium containing ammonia 
(or compounds that readily give rise to ammonia), fixation of atmospheric nitrogen 
immediately ceases (WILSON and Burris, 1947). Aphid haemolymph, which 
bathes the mycetomes, contains abundant organic nitrogen, and it would be 
surprising if fixation of atmospheric nitrogen could proceed under such condi- 
tions. Nitrogen-fixing organisms of the Azotobacter type are, however, capable 
of fixing ammonia in their substrate (GALE, 1951; Fry, 1955), and in fact, will 
fix ammonia preferentially in the presence of other nitrogenous compounds. 

In view of the ammonotelic metabolism of aphids, the finding of Fink that the 


organisms of the mycetome can utilize ammonia assumes a special significance. 
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While the mycetomes may well provide essential vitamins and amino acids for 


the aphid, it seems not improbable that their major function is detoxification of 
part of the ammonia produced in digestion by utilizing it preferentially as a 
nitrogenous substrate for the enclosed symbionts. 
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Abstract—-When cabbage plants bearing eggs of Pieris brassicae L. were watered at 


the roots with paraoxon the eggs failed to hatch although the larvae within them 


developed apparently normally. ‘The eggs were also killed when laid on turnip and 4 
mustard plants, and there was some effect on eggs laid on broad beans. The eggs of ~ 
two other speci« ot I epidoptera were not affected. ae 
The poison reached the eggs through the point of attachment to the leaves. No ih 
ippreciable furmigant action occurred since eggs lying loosely on the leaves hatched y 
normall) Paraoxon was demonstrated in the leaf wax and a material toxic to Aedes 
legypti larvae was found in the fluid contents of the eggs on treated plants 
Cholinesterase activity could be detected in homogenates of the developing Pieris 
eg ifter the second to third da he level of activity w is always lower in eggs from 


treated than from control plants, showing that an inhibitor was present in the eggs from 


treated plants 


\ material active on muscle preparations was detected in the eggs after the fourth 


day his was shown to be ACh and more was always present in eggs trom treated 
than from control plants The concentration difference w is greatest at the tume the egys 7 
were due to hatch. The evidence suggests that ultimately it was the high ACh content 


of eggs from treated plants that was responsible for their failure to hatch 


INTRODUCTION 
It has already been reported that when solutions of paraoxon and demeton were 
watered on to the compost in which young cabbage plants were growing, eggs of 
Pieris brassicae 1.., the large white butterfly, on the leaves were prevented from 
hatching although the larvae within them apparently developed normally (Davip 
and GARDINER, 1953, 1954). In fact, in many cases, the larva nibbled a hole in the 


shell at the side of the egg near the top but got no further. 
A systemic ovicidal action of this kind does not appear to have been reported 


previously. It has however been noted that some effective ovicides did not stop 


development but prevented the mature larvae from emerging (PoTTER and ‘TATTERSs- 
FIELD, 1943; SALKELD and Porrer, 1953; Smiru and Avens, 1954). 

This paper describes experiments which have been carried out to follow the 
transfer of toxic material from plants treated with paraoxon to the eggs. The 
effect on the acetylcholine content and cholinesterase activity of the eggs has 


also been determined. 


MATERIALS AND METHODS 

The sample of paraoxon, diethyl p-nitrophenyl phosphate, used in these 
experiments was highly purified. Further information about its properties has 
been given by Davip and GARDINER (1951). 
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The Pieris culture and the cabbage plants were kept, and the experiments 
involving growing plants were carried out, in the greenhouse previously described 
(Davip and Garpiner, 1951). 

In the experiments with paraoxon the insecticide was applied by pouring the 
required dose, in 20 ml of solution, on to the soil in which the cabbage plants 
bearing Pieris eggs were growing. In this way the toxic material only reached 
the eggs systemically after passing through the plants to the point of attachment 
of the eggs. ‘Tests showed that under these conditions a fumigant action from the 


material on the soil did not occur. 


METHODS FOR OBTAINING AND HANDLING THE EGGS 

The Pieris eggs were obtained from a laboratory culture maintained all the 
year round (Davip and Garpiner, 1952; Davin, 1957). When the eggs were 
to be used for the biochemical work they were collected only between 10 a.m. 
and 2 p.m. so as to restrict the age range. The young cabbage plants bearing the 
eggs were kept in a constant temperature cabinet at 20°C+1°C in the shaded 
part of a cooler greenhouse. 

For many of the experiments it was necessary to detach large numbers of eggs 
from the leaves. Although it is quite possible to do this without damaging the 
eggs by pushing them gently with a fine sable brush, it is much quicker to use 
acetone to soften the wax and cement (Beament and LAL, 1957). In the present 
experiments the leaves were dipped momentarily in acetone, the excess was 
shaken off and the eggs were removed into a porcelain evaporating dish with the 
fine brush. After this treatment all the acetone must be evaporated before the 
eggs are weighed. Observation showed that the treated eggs hatched normally. 


DETERMINATION OF CHOLINESTERASE 
C and at pHi 7-4 


The cholinesterase activity of the eggs was measured at 3 


in bicarbonate buffer (0-023 M-—NaHCO, in equilibrium with 5 per cent vv CO, 


in N, in the gas phase) using the Warburg manometric technique as modified by 
Ammon (1933). Acid formed during the hydrolysis of the ester substrate released 
CO, from the buffer, and the rate of hydrolysis was measured as Ll CO,/g eggs/ 15 
min. For each Warburg flask, 0-1 to 0-2 ¢ of eggs was allowed. They were homo- 
genized in 0-023 M-NaHCO, at 0-2°C in an all-glass homogenizer since, as would 
be expected, whole eggs did not show any cholinesterase activity. Glass distilled 
water was used for making up the bicarbonate solution. The final volume was 
adjusted so that the weight of eggs per ml fell within the above mentioned range. 

Several substrate concentrations from 1 to 15 mM were tested, and a concen- 
tration of 2°67 mM acetylcholine (ACh) bromide in the final solution was found 
to be satisfactory. 


Bio-assay of rectus stimulating material shown to be acetylcholine (ACh) 


The isolated rectus abdominis muscle of the frog was used for most ACh 
assays (CHANG and Gappum, 1933). In certain cases the assay was repeated on 
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isolated guinea-pig ileum (cf. BANISTER, WHITTAKER, and WijesuNDERA, 1953). 
As will be described later, tests were made to show that the active material was 
in fact ACh and that no activating or inhibiting substances were present in the 
extracts (FELDBERG and Hess, 1947). 

The extract for these tests was prepared by homogenizing the eggs (about 
0-5 g) in 2 ml cold 10 per cent trichloroacetic acid (TCA) (cf. MacInrosu and 
Perry, 1950) in the cold room as before. ‘The homogenate was centrifuged in 


the cold at 11,000 rev/min in a Serval centrifuge, the precipitate re-extracted, 


and the extract and washings (after re-centrifuging) transferred to a graduated 


centrifuge tube and extracted with ether to remove TCA and fat. Ether extraction 


was continued until the solution reached 4-5 pH (bromocresol green as an external 


indicator) and the ether was removed by an air jet. The solution so obtained was 


used for the assays. The unit of activity employed was the amount of synthetic 


ACh perchlorate in mu moles giving an equal response on the frog rectus or 
| 


guinea-pig ileum when tested in a concentration range over which the dose 


response curve of the preparation is approximately linear (GARDINER and 
WHITTAKER, 1954). 


Chromatography on columns of ton-exchange resin 


‘To obtain sufficient rectus-stimulating material for column chromatography, 


extracts were made from eggs laid on treated plants on several successive days. 


The eggs were homogenized just before they were due to hatch when the larvae 


within them appeared to be fully developed, since the content of active material 


was highest at this time. 


‘The extracts, prepared as described for the bio-assay of ACh, were assayed 


individually, then pooled and concentrated to about 1-0 ml by evaporation at 


30-40°C under reduced pressure before transferring to the column. 


‘The column used was packed with a bed of specially prepared ion-exchange 


resin, Amberlite XE-97, 12 cm long and 0-6 cm in diameter (GARDINER and 
WHITTAKER, 1954). ‘The column was run at room temperature (20-25 °C) with 
0-1 M-—NaH, PO, as the eluting agent at a flow rate of 18 ml/hr and fractions of 
constant volume were collected with an automatic fraction collector. 


‘These fractions were assayed using the frog rectus abdominis muscle. 


Later the most active fractions were pooled, evaporated to dryness and the 


active material was extracted from the phosphate buffer by three washes of 2 ml 


of absolute alcohol. ‘The alcohol was evaporated and the residue from each 


extraction was taken up in 1 ml water and assayed in the usual way. The same 


column was also run with a known quantity of synthetic ACh for comparison. 


RESULTS 


Dipping tests with ova 


‘Tests in which the leaves of cabbage plants bearing Pieris eggs were dipped 
in solutions of paraoxon (E 600) have already been reported (Davip and GARDINER, 
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1953). ‘The eggs tested were all within 48 hr of hatching. In the present experi- 
ments eggs of two more narrowly restricted age ranges have been used and an 
additional factor has been taken into account. This is whether, after dipping, 
the dose which the developing larva receives comes only from the egg shell or 
whether paraoxon also diffuses in from the leaf wax as it will be shown to do 
when the plants are treated systemically via the roots. 

Experiments have been carried out in which whole cabbage plants bearing 
Pieris eggs on one leaf have been dipped in solutions of paraoxon at 18-20°C 
containing 0-1 per cent ““Teepol” as a wetting agent. The plants were dried on 
their sides and immediately afterwards some of the eggs were removed to watch 
glasses with a camel-hair brush. This was done with eggs less than 4 hr old and 
also with eggs within 24 hr of hatching. This procedure was intended to ensure 
that the deposit on the eggs removed from the leaves was the same as that on 
the eggs left on the plant. The results are shown in Table 1 and it can be seen 
that eggs dipped when less than 4 hr old were more resistant to paraoxon than 
eggs dipped within 24 hr of hatching and that eggs removed from the plant were 
less affected than eggs left on the plant. 


TABLE 1—Pieris EGGS DIPPED IN PARAOXON SOLUTIONS AND EITHER LEFT ON THE PLANT OR 
REMOVED AFTER DRYING 


Percentage of larvae killed within the shells 
Concentration 
Eggs on plants Eggs removed from plants 


Eggs less than 4 hr old 
0-005 100 
0-001 21 
0-0005 7 
0 


Eggs within 24 hr of hatching 
0-005 100 100 
0-001 8 49 
0-0005 52 10 
0-000] 0 
Control (both ages) 0 


Each figure is the average of 6 determinations 


The duration of the toxic effect 

When testing for a systemic effect against the eggs the paraoxon solutions 
might have been poured on to the soil in which the cabbage plants were growing 
either before or after the eggs were laid. The influence of different timing proce- 
dures was investigated to determine when the toxic action was most pronounced. 

The cabbage plants were growing in 3 in. diameter pots. The paraoxon was 
applied in 20 ml of solution at either 0-02 per cent or 0-01 per cent. The eggs 
were laid on all the plants on the same day. Some of the plants had already been 
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treated and others were treated subsequently as indicated in Table 2. Eggs 
which hatched did so on the sixth day. 

All the results agree in showing that the maximum effect on the eggs occurred 
when the insecticide was applied on the same day as the eggs were laid or a day 


or two afterwards. 


TaBLE 2—CABBAGE PLANTS TREATED BY POURING PARAOXON SOLUTIONS ON THE SOIL 
IN WHICH THEY WERE GROWING BEFORE OR AFTER Pieris EGGS WERE LAID ON THEM 


Plant treated before or | Percentage of larvae killed within the shells 
after eggs laid 


0-02°, paraoxon paraoxon 


Exp. é | Average of 3 
Experiments 


Exp. 1 


10 days before 0 0 0 

5 days before 32 40 2 

2 days before | 5 95 58 

On the same day 99 100 73 

2 days after 90 95 75 

4 days after 99 80 73 
Control eggs on untreated 

plant 0 0 0 


The systemic action against eggs on other plants 

Experiments were carried out to determine whether Pieris eggs laid on plants 
other than cabbages were also prevented from hatching by paraoxon applied 
systemically. ‘This question is of interest since movement of the insecticide into 
the egg is likely to be influenced by the surface structure of the leaf. 

It was found that Pieris eggs laid on turnip and mustard plants were prevented 
from hatching just as they were on cabbages. A dose of 2 mg paraoxon in 20 ml 
solution poured on to the standard 3 in. diameter pot in which the plant was 
growing 24 hr after the eggs had been laid prevented 95-100 per cent from 
hatching. Pieris were also induced to lay on broad bean plants. In this case 
paraoxon was less effective: 20 mg applied under the same circumstances only 
prevented about 50 per cent of the eggs from hatching. All the eggs on control 
plants hatched normally. 

It is clear that the effect is in no way peculiar to cabbage plants. 


The systemic action of paraoxon against the eggs of other Lepidoptera 


All the eggs of Diataraxia oleracea L., the tomato moth, hatched on the leaves 
of a cabbage plant growing in the standard pot watered with 20 ce of 0-02 per 
cent paraoxon solution (4-0 mg/pot). The eggs were rather loosely attached to 
the plant and some were laid on top of others. Pieris eggs on the same plant did 
not hatch. 
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In a similar experiment with eggs of Plutella maculipennis Curt., the diamond- 
back moth, over 95 per cent hatched. These eggs are not so precisely orientated 
on the plant as those of Pieris and are not so firmly cemented. It was noted, 
however, that when they were pushed off the leaf some wax was detached as 
with Pieris. Again Pieris eggs on the same plant did not hatch. Also, unlike the 
Pieris larvae, the young Plutella larvae survived on the treated plant indicating 
that they were comparatively resistant to paraoxon. 


The transfer of toxic material to the eggs 


The attachment of the eggs to the leaf. Pieris eggs are ribbed longitudinally 
except at the basal (posterior) portions. ‘This is smooth and flattened against the 
leaf. At the time of laying the female covers the surface of the egg with a cement 
which fixes it to the leaf surface. The cement consists of protein and an un- 
saturated lipoid not attached chemically to the protein. (BEAMENT and LaL, 1957.) 
When it comes into contact with the waxy surface of the cabbage leaf the wax 
appears to be softened and a strong adhesion is formed. So strong is this adhesion 
that if the egg is pushed off the leaf the underlying wax is completely stripped with 
it leaving the leaf cuticle exposed. It may be assumed that the eggs rest on a mixed 
layer of cement and wax. Round the base of the egg there is a shoulder of excess 
cement which makes the attachment firmer. 

The importance of the cemented attachment. The Pieris eggs on cabbage plants 
watered at the roots with paraoxon could theoretically be killed either by a fumigant 
action or by toxic material transferred to the eggs through the point of attachment. 


TABLE 3—Pieris EGGS ON THE LEAVES OF CABBAGE PLANTS WATERED AT THE 
ROOTS WITH 20 ML OF 0-1 PER CENT PARAOXON AND ON UNTREATED PLANTS 


Treatment of eggs and position on leaf Number of eggs hatching 
out of total used 


On treated plants 
Normally attached to the upper surface 
Normally attached to the lower surface 
Loose on the upper surface 
Loose on the lower surface 
Stuck with cement to the upper surface 
Stuck with cement to the lower surface 


On control plants 
Normally attached to the upper surface 149/150 
Loose on the upper surface 10/10 
Stuck with cement to the upper surface 13/14 


However, if newly laid eggs detached from untreated plants were placed loosely on 
the upper or under surface of the leaves of treated plants and left there they were 
not prevented from hatching while eggs naturally attached to the same leaves 
were. ‘This showed that the lethal effect was not brought about by fumigant 
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action and incidentally that eggs in loose contact with the leaves were not affected. 
If the detached eggs were stuck to the leaves of treated cabbage plants with drops 
of cement taken from the cement glands of a female Pieris they were prevented 
from hatching. ‘The toxic material must therefore pass into the egg through the 
base where it 1s cemented on to the leaf (‘Table 3). 

Transfer of toxic material from the plant to the eggs. Since it was only eggs 
which were cemented to the surface of the leaf of a treated plant that were affected, 
it could be suggested that a solvent action of the cement on the leaf wax had 
allowed the base of the egg to come into direct contact with the cuticle of the 
leaf and that this contact was essential for the transference of the insecticide. 
This suggestion has been disproved by the observation that eggs laid on thin films 
of cabbage wax containing 0-05 per cent paraoxon on microscope cover glasses 
also did not hatch. Here again a fumigant effect was excluded by having some 
Pieris eggs on narrow strips of thin cover slip lying on the wax film beside the 


eggs laid directly on it. ‘These eggs hatched normally. 


E 
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Fic. 1. ‘The concentration of inhibitor, expressed as a percentage of the initial concentra- 
tion, was estimated by means of cholinesterase inhibition measurements and a standard 
curve determined with paraoxon, relating inhibition to inhibitor concentration Hydro- 


lysis of paraoxon ; Hvydrolvsis of inhibitor in extract 


The alternative suggestion, that the toxic material passes into the egg from 
the wax on the surface of the leaf, in fact receives support from this experiment. 
But further proof depends on toxic material being demonstrated in the wax on 
the leaves of treated plants. 

Two cabbage plants were treated in the usual way by pouring 20 ml of 0-1 
per cent paraoxon solution on to the soil and 5 days later the leaves were picked 
and the wax washed off by dipping them momentarily in chloroform. Leaves 
from control plants were treated similarly. The chloroform extracts were filtered 
and the chloroform was removed by distillation and finally by a stream of com- 
pressed air. The plant wax so obtained was then extracted with hot water and 
the extract was filtered. First instar larvae of Aedes aegypti L. were used to detect 
any toxic material which might be present in these extracts. All the larvae were 
killed by extracts from the treated plants even when it was diluted to 50 per cent, 
whereas extracts of control plants had no effect on the larvae. 
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The nature of the toxic material in the leaf wax. Some of the active extract 
was examined by Dr. W. N. Aldridge using the methods previously referred to 
(Davip and ALpripce, 1957). It was found that the extract was a very active 
cholinesterase inhibitor, only 0-046 ul of extract/ml of washed sheep erythrocyte 
suspension being required to produce 50 per cent inhibition in 30 min at 37°C 
compared with more than 1100 ul/ml for the extract from the control plants. 

When the rate of hydrolysis of the inhibitor was compared with that of para- 
oxon under the same conditions as previously described (Davin and ALpRIDGE, 
1957) it was found that they were identical (Fig. 1). 

It may be concluded that the paraoxon applied to the soil reaches the wax 
on the surface of the leaves. 

The occurrence of toxic material within the eggs. In the introduction it was 
mentioned that very often the larvae began to cut their way out of the shells but 
failed to emerge. It might be thought therefore that the toxic material was con- 
fined to the shells and that larvae only acquired a toxic dose when they began 
to gnaw into the various layers of the walls. ‘This is not so. In the first place, in 
some experiments, the larvae nearly all died without visibly puncturing the shells 
and even the suggestion that the poison was confined to some inner layer can also 
be convincingly disproved by the demonstration of toxic material in the fluid 
surrounding the developing larvae. This does not mean however that additional 
toxic material was not taken in by the larvae when they ate the holes in the shells. 

‘Ten eggs which were about due to hatch on treated plants were punctured 
and the fluid contents were withdrawn into a fine capillary. The fluid was diluted 
with a drop of water containing a first stage mosquito larva held in a slightly 
wider capillary tube. Control tests were carried out with fluid taken from 10 eggs 
on an untreated cabbage plant and with larvae in water. The larvae in the extract 
from the eggs on the control plant diluted 1 : 3 and in water were apparently normal 
after 18 hr in the capillary tubes, whereas the larvae in the extract from the eggs 
on the treated plants diluted 1 : 3 and 1 : 6 were motionless and apparently dead 
after 2 hr. It is clear therefore that the eggs on the treated plants contain some 


substance toxic to mosquito larvae which is absent from the eggs on the control plants. 
A further proof that the larvae were already affected within the shells before 
they began to gnaw their way out was obtained by dissecting the larvae out of 


the shells about 6 hr before they were due to hatch. Larvae removed at this 
stage and placed on small pieces of cabbage leaf in a moist atmosphere remained 
almost motionless for some hours. Later those from control plants became active 
and fed but those taken from eggs on plants treated systemically with paraoxon 
shrivelled and died. 

The claim that the toxic material acts upon the larvae within the shells is 
also supported by the results given in the following section. 


The cholinesterase content of Pieris eggs from treated and control plants 
After a preliminary experiment to determine the approximate cholinesterase 
activity of homogenates of eggs of various ages a comparative experiment with 
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eggs from treated and control plants was arranged. ‘Twenty ml of 0-1 per cent 
paraoxon solution was poured on to the soil in each of two 3-in. diameter pots in 
which cabbage plants were growing. These plants were maintained in the constant 
temperature cabinet at 20°C overnight and next day they were placed in the 
adult Pieris cage with 2 control plants so that eggs could be laid on them. They 
were then returned to the cabinet. This procedure was repeated with other 
plants for 5 days and on the sixth day all the eggs were removed, homogenized 
and used for the cholinesterase determination as described. ‘The results are given 
in Fig. 2. Very little cholinesterase was detected in the eggs less than 3 days old 
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Fic. 2. The cholinesterase activity, expressed as ul-CO, g eggs 15 min., of Pieris eggs 
of different ages taken from plants treated with paraoxon via the roots and from control plants. 
Eggs from plants treated with paraoxon ; @ Eggs from control plants. 


(at 20°C). After that it increased rapidly in the control eggs until hatching time 
was reached on the sixth day. ‘The eggs from treated plants always showed much 
less activity and the difference was very striking by the time the eggs were due 
to hatch. 


The acetylcholine in eggs from treated and control plants 


It will be shown later that the rectus-stimulating material from the eggs is 
ACh and it is convenient to anticipate this result in reporting the present experi- 
ment. 

As the cholinesterase in eggs from treated plants was inhibited it was also 
expected that their ACh content would be high compared with eggs from control 
plants. Young potted cabbage plants were treated and the Pieris eggs were 
collected as for the cholinesterase determination. ‘The ACh extraction was carried 
out as described under ‘Methods’. 

The results of two comparative experiments are shown in Table 4. Very 
little ACh can be detected in the eggs before the fifth day. Both experiments 
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show, however, that the ACh content of the eggs on the treated plants, which 
failed to hatch, was consistently higher than that of eggs which hatched and 
that the difference was greatest at the time of hatching. 

TABLE 4—THE EFFECT OF PARAOXON APPLIED SYSTEMICALLY TO THE ROOTS 


OF CABBAGE PLANTS ON THE ACH CONTENT OF THE EGGS OF Pieris brassicae 
LAID ON THE LEAVES 


First experiment Second experiment 
Age of eggs Eggs deposited on: Eggs deposited on: 


(days at 20°C - — - - 

approximately) Treated Control Treated Control 
plants plants plants plants 

ug ACh chloride g eggs ug ACh chloride g eggs 


0 
0 
0 
0-6 


8-5 20-6 
3: 22-9 
76-0 


* These eggs had just hatched and the young larvae were used for the assay 


Confirmation that the rectus stimulating material is acetylcholine 

To obtain as much active material as possible for these experiments eggs on 
plants dosed with 0-1 per cent paraoxon via the soil were used when the larvae 
were about due to hatch. Four batches of eggs were collected. These weighed 
altogether 5-74 g and the extract prepared from them had a volume of 22-6 ml. 
It was shown by assay to contain the equivalent of about 127 ug of ACh chloride 
or 698 mu moles. 

This active material extracted from egg homogenates was chromatographed 
on specially prepared Amberlite resin XE-97 as described. Eighty 2 ml fractions 
were collected and the distribution of the rectus stimulating material in the 
effluent was determined in comparison with synthetic ACh. All the activity 
centred around one peak occurring approximately in the position expected for 
ACh. The recovery was 77 per cent. The active material was shown to be alkali 
labile and its activity on the rectus was potentiated by eserine. 

When the assays were repeated on the ileum, again using synthetic ACh as 
a standard, essentially the same result was obtained. Since the relative potency 
of other esters on these two test systems is in general widely different from that 
of ACh the identity of the rectus and ileum results in the present instance is 
excellent evidence that the active substance is, in fact, ACh. The recovery of 
activity was 78 per cent (Fig. 3). The ileum activity was not inhibited 
by the antihistamine N-p-methoxybenzyl-N-N-dimethyl-N-«-pyridylethylene- 
diamine maleate (1 ug/ml) and was completely inhibited with atropine (0-2 ug/ml). 
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All the effluent fractions containing active material were pooled and after 


concentrating and extracting from the phosphate the active material was again 


Fic. 3. Chromatography of concentrate of extract from Pieris eggs, taken from plants 
treated with paraoxon, on XE-97. For definition of activity units and other details see text 


— First assay on rectus ; Second assay on rectus ; Assay on ileum. 


assayed. About 34 per cent of the quantity calculated to be present in the pooled 
effluent fractions was recovered, equivalent to about 147 mu moles of ACh. 


Fic. 4. Chromatography of the concentrated effluent fractions containing active material 
obtained from the first chromatograph (Fig. 3) run in comparison with a similar amount of 
synthetic ACh on a fresh column containing XE-97. For definition of activity units and 
other details see text. Extract from eggs ; @ Control acetylcholine perchlorate. 


A fresh XE-97 column was prepared and 100 my moles of synthetic ACh was 
run on it followed by 106 mu moles of the active material from the eggs. In these 


cases 3 ml fractions were collected. The distribution of activity of the 2 samples 
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in the effluent fractions as assaved on the rectus was almost identical. "The recovery 
of the control synthetic ACh was 72 per cent and of the unknown 78 per cent 
(Fig. 4). The fraction of the unknown which had the maximum activitv was 
assayed on the ileum also and gave results in exact agreement with the rectus 
assay. 

It may be concluded that the active material extracted from the eggs is ACh. 


DISCUSSION 

It is known from earlier work that organic phosphorus compounds can act 
as contact ovicides. SALKELD and Porter (1953) worked with Diataraxia oleracea 
L., Ephestia kiihniella Zell., and Dysdercus fasciatus Sign. ‘They showed that 
comparatively low dosages of HETP gave a 100 per cent kill but that much higher 
dosages were required to inhibit development. Smirn and Avens (1954) have 
shown that parathion will give a 100 per cent kill of the eggs of Sanninoidea 
exitiosa Say, but in this case also the embryos developed apparently normally to 
the point of hatching. The similar effect as a result of the systemic action of 
paraoxon and demeton on Pieris eggs discussed here has already been mentioned 
(Davip and Garpiner, 1953, 1954). 

It is not surprising that Pieris embryos are killed by paraoxon since the various 
shell and embryonic layers are relatively permeable to oil soluble poisons (BEAMENT 
and Lat, 1957). But the fact that at concentrations sufficient to give 100 per cent 
kill death does not occur in this and other cases until development is complete has 
led to speculation as to whether the organic phosphorus poison only reaches the 
embryo at some late stage in development when membranes are being broken 
down just prior to hatching, or whether it penetrates but is without effect on the 
very young embryo (STAUDENMAYER, 1953; Porrer, Lorp, KeNTEN, SALKELD, 
and HoLsrook, 1957). As pointed out earlier this delayed action occurs with 
many other insecticides and is not peculiar to organic phosphorus compounds 
(Porrer and ‘TarrersFieLp, 1947; SALKeELp and Porrer, 1953: Smrru and AveENs, 
1954; Speyer, 1950). 

There is now sufficient evidence to discount the suggestion that the organic 
phosphorus compounds are accumulated by the layers external to the embryo 
and prevented from reaching it until these layers are broken down. Smrru (1955) 
has shown that treatment with parathion depressed the respiratory rate of peach 
tree borer eggs during the last 2 days before hatching was due (which normally 
took 84 days) and STAUDENMEYER (1957) has shown an earlier effect of paraoxon 
on silkworm eggs. Furthermore, since it is well known that organic phosphorus 
compounds are active anticholinesterases, in seeking to explain their action it was 
natural to look for some effect on this system. STAUDENMAYER (1955) found that 


cholinesterase in silkworm eggs was inhibited by parathion and paraoxon. SMITH 
and WAGENKNECHT (1956) showed that parathion penetrated the eggs of the 
peach tree borer (Sanninoidea exitiosa Say) and inhibited cholinesterase as soon as 
it appeared. MEHROTRA and SMALLMAN (1957) found that parathion completely 
inhibited the cholinesterase activity of eggs of the house-fly and greatly increased 


a 
: 
: 
i 
1 
q 
i 7 
4 
> 
4 
4 
a 
= 


26 W. A. L. Davip 


the ACh content. These observations show conclusively that the poison has 
reached the larvae. 

The present work on Pieris eggs treated with paraoxon systemically through 
the cabbage plants confirms these findings. The cholinesterase activity of eggs 
from treated plants was appreciably lower than that of eggs from control plants 
at all times after cholinesterase could be detected. It could be argued that this 
inhibition only occurred when the paraoxon came into contact with the tissues 
of the embryo after the eggs had been homogenized. However, this suggestion 
was discounted by the observation that eggs from treated plants also contained 
comparatively much more ACh which could not have been synthesized after 
homogenization in TCA. It is reasonable to suppose that the paraoxon penetrated 
to the embryo, inhibited the cholinesterase and thereby led to the accumulation 
of ACh. The fact that toxic material was demonstrated in the fluid contents of 
the eggs adds further support to the view that it also reached the embryo. 

That these changes occur in the developing, treated, eggs does not preclude 
the possibility that at the time of hatching the larvae are exposed to further 
dosages of poison. At this time the epembryonic membranes are broken down and 
the larvae imbibe the amniotic fluid and begin to eat through the shells. Since 
the poison must penetrate through the shells and is known to occur in the fluid 
content of the eggs the larvae must in fact be exposed to an additional dose at 
this time. But whether or not it contributes significantly to the poisoning of the 
larvae is not known. 
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Abstract—It is known that the brain-suboesophageal ganglion complex in the silk- 
worm converts the non-diapause egg into the diapause egg. It has been found that the 
corpus allatum is concerned not only with the number of moults but also with the 


production of non-diapause eggs. The influence of the suboesophageal ganglion differs 


with each voltine race, and it gradually becomes stronger with age, whereas the in- 


fluence of the corpus allatum differs with each moulting race and becomes weaker 


with age. The brain does not perfectly control the secretion of both the suboeso- 


phageal ganglion and the corpora allata, but weakly inhibits and also weakly promotes 
their secretory activity. The corpus allatum and suboesophageal ganglion hormones 
consist not only of non-diapause and diapause hormones, but also of growth-promoting 
ind inhibitory hormones. 


Ir was independently verified by Hasecawa (1951, 1952) and Fuxupa (1951, 1952) 
that voltinism in the silkworm depended on the secretion of the suboesophageal 
ganglion: HaseGawa claimed that the voltinism can be determined by the suboeso- 
phageal ganglion alone, whereas FUKUDA assumed that it may be determined by 
the function of the brain-suboesophageal ganglion complex in the pupal stage. 
According to Fukupa’s experiments, the brain absolutely controls the secretion 
of the suboesophageal ganglion. When the brain completely suppresses the 
secretion of the suboesophageal ganglion, moths lay non-diapause egg batches, and 
consequently he has concluded that the centre of the determination of voltinism 
exists in the pupal brain itself. 

The present author and his collaborators planned certain experiments to 
examine these two different hypotheses concerning the determination of voltinism 
in the silkworm. Furthermore, they investigated the existence or non-existence of 


a hormone which converts the diapause egg into the non-diapause egg. 


MATERIAL AND METHODS 

Daiz6 race (bivoltine) and Cambodge race (multivoltine) were used as hosts 
in our transplantation experiments. When Daizo race is incubated at 15°C in the 
dark the moths always lay non-diapause egg batches. On the othér hand, when 
incubated at 24°C in the light they always produce “‘diapause” moths. Several 
races were employed as donors in this experiment. 

Transplantation experiments with the corpus allatum or the suboesophageal 
ganglion were performed in various stages of the fifth instar larva: more than 
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10,000 larvae in all were operated upon in 1956-57. The following descriptions 
are concerned only with typical results of some of the experiments. 

The effects of the corpora allata and the brain-corpora allata complex on the 
production of non-diapause eggs could not be found in univoltine hosts. The 
effects were well observed only in Daizo and Cambodge hosts laying diapause eggs 
mixed with non-diapause ones. 


EXPERIMENTAL RESULTS 
(1) Production of diapause eggs by transplanting the suboesophageal ganglion and the 
brain-suboesophageal ganglion complex 


(a) Influence of larval age on the function of the transplanted suboesophageal 


ganglion. When the suboesophageal ganglion and the brain-suboesophageal 


ganglion complex extracted from the “non-diapause”’ or “diapause’’ donors of 
Daizo race are transplanted into “non-diapause” hosts of the same race, some 
“non-diapause’’ hosts lay either diapause egg batches or egg batches mixed with 
diapause and non-diapause eggs, as seen in nos. 1—5 of Table 1 (see Figs. 4-6). 

The percentage of diapause eggs produced increased with the age of the fifth 
instar larva when the suboesophageal ganglion or the brain-suboesophageal 
ganglion complex were transplanted. 


TABLE 1 PRODUCTION OF DIAPAUSE EGGS BY TRANSPLANTATION OF BOTH THE SUB( )ESOPHAGEAI 
GANGLION (SG) AND THE BRAIN-SUBOESOPHAGEAL GANGLION COMPLEX (Br 


Transplanted 


Recipient Donor - 
on 1/V on 3/V on 5/V 


Number of Number of Number of 


(Daiz6 | (Race) 


Non-diapause 
moths 
Moths laid 
mixed eggs 
Diapause 
moths 
Non-diapause 
moths 
Moths laid 
mixed eggs 
Diapause 
moths 
Non-diapause 
moths 
Moths laid 
mixed eggs 


Control (Wounded) 
L - H(SG) 
« H(Br+SG) 
< L (SG) 
I L (Br+SG) 


H(SG) 
H (Br SG) 


Diapause 


Note: L, low incubation at 15°C; H, high incubation at 24°C; 1/V, 3 V, 5 V, transplantation 
on the first, third and fifth day of the fifth instar, respectively; Di, Daiz6 race; E.16, European 
no. 16. 
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(b) Effect of brain taken from the “ diapause’’ donor on the suboesophageal ganglion 
“non-diapause”’ hosts transplanted with 


hormone in the “ non-diapause”’ host. ‘The 
the brain-suboesophageal ganglion complex from the ‘“diapause”’ donor, as seen 
in nos. 2 and 3 of ‘Table 1, produced more “ diapause”’ moths as compared with the 
‘‘non-diapause”’ hosts transplanted with the suboesophageal ganglion alone. From 
this it may be seen that the brain taken from the “ diapause’’ donor weakly promotes 


the secretion of the suboesophageal ganglion through the nerve commissures. 
Transplanting the brain alone had no effect on voltinism, as in both FuKupa’s and 


HASEGAWA’S experiments. 

(c) Lnhibitory effect of brain taken from the ‘‘non-diapause”’ donor on the suboeso- 
phageal ganglion hormone in the “ non-diapause”’ host. The “ non-diapause’’ hosts 
receiving the suboesophageal ganglion alone taken from the “non-diapause”’ 


donor (as seen in nos. 4 and 5 of Table 1) produced more “diapause”’ moths as 


compared with the ‘‘non-diapause’’ hosts receiving the brain-suboesophageal 


ganglion complex. In the former case some batches consisting wholly of diapause 
I 


eggs were observed, as shown in Fig. 6, whereas in the latter case mixed egg 


batches only were observed, as shown in Fig. 7. This may be due to the fact that 


the brain taken from the “non-diapause” donor weakly inhibits the secretion of 


the suboesophageal ganglion through the nerve commissures in the “ non-diapause”’ 


host. 

(d) Race differences in the suboesophageal ganglion and promoting function of the 
brain of the univoltine race. It is seen from both no. 2 (bivoltine Diaz race) and 
no. 6 (univoltine European no. 16 race) of Table 1 that the function of the suboeso- 


phageal ganglion differs with each voltine race (see Figs. 9 and 10). Results of 


transplanting the suboesophageal ganglion alone showed less diapause egg batches 


as compared with that of the brain-suboesophageal ganglion complex, as shown in 


nos. 6 and 7 of Table 1. In the former case many mixed egg batches were observed, 


as shown in Fig. 10. But in the latter case many batches consisted wholly of 


TABLE 2—MODIFICATION OF AMOUNT OF SILK AND COCOON WEIGHT BY TRANS- 
PLANTATION OF THE SUBOESOPHAGEAL GANGLION IN DAIZO RACI 


Recipient Transplanted 


Donor 
on 1/V on3/V on 5/V 
No - 
Daizo Daizo Cocoon | Silk | Cocoon | Silk | Cocoon | Silk : 
race race weight | (cg) | weight | (cg) | weight | (cg) : 


(cg) (cg) 


l Control (Wounded) 88-7 76 86-7 7-4 85-6 7°4 
2 L < H(SG) 95-4 8-4 94-3 9-0 86-9 75 
3 L < H (Br+SG) 97-2 9-0 89-7 85-8 7-8 
4, | L « L (SG) 98-0) 9-0 91-0 8-1 85-7 8-1 
5. L < L (Br+SG) 95-7 93-1 7-9 86-5 7°5 


Note 


for abbreviations, see Table 1. 
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diapause eggs, as shown in Fig. 11. This fact is due to the presence or absence of 
a brain of the univoltine race. 

(e) Increase of amount of silk and of body weight by transplanting the suboeso- 
phageal ganglion and the brain-suboesophageal ganglion complex. ‘The function of 
the suboesophageal ganglion is related not only to the production of diapause egg 
batches, but also to the increase of silk and body weight (Table 2). ‘The same facts 
were observed by NaGatomo (1956) in transplantation experiments with the 
brain-suboesophageal ganglion complex. 


(Il) Production of non-diapause eggs by transplanting the corpora allata and the 
brain-corpora allata complex 


(a) Influence of larval age on the function of the transplanted corpora allata. 
When the corpora allata and the brain-corpora allata complex taken from the 
“diapause”’ or “non-diapause’’ donors of Daizo race are transplanted into the 
‘‘diapause”’ host of the same race, some “‘diapause’’ hosts lay either non-diapause 
egg batches or egg batches mixed with diapause and non-diapause eggs, as seen in 
nos. 1-5 of Table 3. The function of the corpora allata on the production of 
non-diapause eggs was well observed in the weak diapause hosts in which egg 


TABLE 3—PRODUCTION OF NON-DIAPAUSE EGGS BY TRANSPLANTATION OF BOTH THE CORPORA 
ALLATA (CA) AND THE BRAIN-CORPORA ALLATA COMPLEX (Br + CA) 


‘ransplanted 


Recipient Donor 
on 


(Daiz6 (Race) 
race) 


diapause 
diapause 


mixed eggs 


moths 
moths 


mixed eggs 
mixed eggs 


Moths laid 
moths 
moths 

Moths laid 

Diapause 

Moths laid 


Non 
Non- 


Control (Wounded) 
H « i—H (CA, 2) 
H « H (Br+CA) 
H « L (CA, 2) 
H L. (Br+CA) 


© 
swe 


Control | (Wounded) 
H « I—H (CA, 2) 
H « H (Br+ CA) 


H « H (CA, 2) 13 
H « H(Br+CA) | 16 


Diapause 
moths 


| 


t 


Note: L. low incubation at 15°C: H, high incubation at 24°C; 1/V, 2/V, 3.V, 4/V, 5/V, 
transplantation on the first, second, third, fourth, and fifth day of the fifth instar, respectively; 
Di, Daizé race; 3m, trimoulting; mv, multivoltine; (CA, 2), two corpora allata. 
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batches of many diapause eggs mixed with a few non-diapause eggs are produced. 
The function, however, could not be found in strong diapause hosts even if in the 
Daizo race. 

The non-diapause eggs were produced more numerously by transplanting the 
corpora allata and the brain-corpora allata complex in the earlier stage than in the 
later of the fifth larval instar, as seen in nos. 1—5 of ‘Table 3 (see Figs. 12—14). 
lhe transplantation of the corpora allata after the fourth day of the fifth instar 
showed no effect on the production ot non-diapause eggs. 

(b) Inhibitory function of the brain taken from the * diapause’’ donor on the corpus 
allatum hormone in the “ diapause”’ host. ‘The “ diapause’’ hosts transplanted with 
the corpora allata alone taken from the “‘diapause’’ donor, as seen in nos, 2 and 3 
of ‘Table 3, produced more “‘non-diapause’’ moths as compared with the case of 
the “diapause”’’ hosts transplanted with the brain-corpora allata complex. ‘This 
is the reason why the brain extracted from the “diapause’’ donor weakly inhibits 
the secretion of the corpora allata through the nerve commissures in the “ diapause”’ 
host. 

(c) Promoting function of the brain taken from a “‘non-diapause’’ donor on the 
corpus allatum hormone in the “ diapause”’ host. ‘The “ diapause”’ hosts transplanted 
with the corpora allata alone extracted from the “non-diapause”’’ donor, as seen in 
nos. 4 and 5 of ‘Table 3 (see Figs. 13 and 15), produced less ‘‘ non-diapause”’ moths 
as compared with the case of the “diapause’’ hosts transplanted with the brain- 
corpora allata complex. ‘This is due to the fact that the brain extracted from the 
‘‘non-diapause’’ donor weakly promotes the secretion of the corpora allata through 
the nerve commissures in the “diapause”’ host. 

(d) Race differences in the function of the corpus allatum. The function of the 
corpora allata in the tetramoulting race (no. 9) is weaker than that of the corpora 
allata in the trimoulting (no. 7), as shown in Table 3 (see Figs. 17 and 19). 

(e) Antagonistic function of the brain extracted from univoltine and multivoltine 
races on the corpus allatum hormone. ‘The “ diapause”’ hosts of Daiz6 race (no. 7) 
transplanted with the corpora allata alone extracted from univoltine (trimoulting) 
donors produced more ‘‘ non-diapause’’ moths than in the case of the hosts (no. 8) 
transplanted with the brain-corpora allata complex. ‘Thus, the brain of the univol- 
tine race weakly inhibits the secretion of the corpora allata through the nerve 
commissures (see Figs. 17 and 18) in the brain. On the other hand, the brain of the 
multivoltine race weakly promoted the secretion of the corpora allata (see Figs. 
19 and 20). This follows from the fact that the “diapause”’ hosts (no. 9) trans- 
planted with the corpora allata alone taken from multivoltine donors produced less 
‘“‘non-diapause”’’ moths than in the case of the hosts (no. 10) transplanted with the 
brain-corpora allata complex (‘Table 3). 

(f) Decrease of silk and body weight by transplanting the corpora allata and the 
brain-corpora allata complex. ‘The “diapause”’ hosts (nos. 2 and 3 of Table 4) 
transplanted with the corpora allata or the brain-corpora allata complex produced 
less silk and their body weight was less as compared with those of the controlled 
series (no. 1). 
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‘TABLE 4—MObDIPFICATION OF AMOUNT OF SILK AND COCOON WEIGHT BY 
TRANSPLANTATION OF THE CORPORA ALLATA IN DAIZO RACE 


Transplanted 


Recipient Donor 
on 1/\ on 3/\ on 5/\ 


Daizo Daizd Cocoon Cocoon | Silk | Cocoon | Silk 
race race weight weight | (cg) | weight | (ce) 
(cy) (cw) (cg) 


l. Control (Wounded) 126°: 124-0 
H « L. (CA,2) 121 120-6 
3 H L(Br+CA); 121 118-9 


(111) Transplanting the suboesophageal ganglion with the corpus allatum 

Both the corpus allatum and the suboesophageal ganglion extracted from the 
donors on the first (1/V) and the fifth day (5/V) of the fifth larval instar were 
reversely transplanted into the young (1/V) and the old (5/V) hosts, as shown in 
Table 5. 


TaBLe 5—EFFECTS OF THE SUBORSOPHAGEAL GANGLION AND THE CORPORA ALLATA WHICH 
ARE INFLUENCED BY THE AGE OF RECIPIENTS AND DONORS 


| Recipient Donor Cocoon | Silk Number of | Number of | Number of 
Group |}— weight (cg) non-diapause | moths laid | diapause 
Daizo race Daiz6 race (cg) moths mixed eggs moths 


Control (Wounded) 87: 89 


L (1/V) < H(SG, 1/V) 89-2 | 9-4 
L (1/V) « H(SG,5/V) | 8-9 9-1 


Control (Wounded) “f 8-7 
L (5/V) H(SG, 1/V) 9-0 
L (5/V) « 88 &-9 


Control (Wounded) 106-9 
Hi1/V) 1/V) 103-3 
Hil V) (CA, 5/V) 104-8 


Control 109-4 
H(5/V) 106°5 


Note: for abbreviations, see Table 3 

From the results of ‘Table 5 the following conclusions are drawn: 

(1) The suboesophageal ganglion increases cocoon weight and amount of silk, 
and favours diapause, as seen from A and B groups. 

(2) The transplantation of the suboesophageal ganglion is more effective for 
the increase of cocoon weight and amount of silk in the younger stage of the fifth 
instar than in the older, as observed in A and B groups. 


| 4 
4 
13-1 
12-1 
| 
a 
| 
53 0 | 0 
A | 27 3. 0 a 
| | 15 11 5 
B 9 15 5 
| 12:8 0 9 42 
c | 12-1 6 7 
| 12:3 0 13 
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(3) In the transplantation experiments at the earlier stage of the fifth instar, the 
old suboesophageal ganglion is more effective for the production of diapause eggs 
than the young one. In the later stage, however, the above-mentioned fact is not clear. 

(4) The corpora allata decrease cocoon weight and amount of silk and favour 
non-diapause, as seen in C and D groups. 

(5) In the transplantation experiments at the earlier stage of the fifth instar, the 
young corpora allata are more effective for the production of non-diapause eggs 
than the old ones. In the later stage, however, the young corpora allata have little 
effect, but the old corpora allata have no effect. 


(IV) Removal of the brain from “diapause”’ and “‘non-diapause”’ pupae 

When “‘diapause” pupae had their brains removed, some of the resulting 
moths laid non-diapause egg batches; when “non-diapause”’ pupae had their 
brains removed, some of them laid diapause egg batches. These facts agree with 
those obtained by Fukupa (1952) and Hasecawa (1952). 


(V) Function of the suboesophageal ganglion and the brain-corpora allata complex 
in multivoltine Cambodge hosts 

The bivoltine Daizo race was used as host in the previous experiments, whereas 
the multivoltine Cambodge race was used in the following ones. Cambodge race 
was maintained at 17°C during the first term of incubation and at 24°C during the 
second term (from the fourth day before hatching to hatching). Cambodge hosts 
thus dealt with are to lay the mixed diapause and non-diapause batches of eggs. 
The suboesophageal ganglion and the brain-corpora allata complex extracted from 
males and females of the bivoltine race were transplanted into the ventral side of 
the abdomen of the larval hosts. Results obtained are shown in Table 6. 

From Table 6 the capacity of the suboesophageal ganglion to produce diapause 
eggs seems to be stronger in females than in males, as also shown in NAGATOMO’S 
TABLE 6—TRANSPLANTATION OF THE SUBOESOPHAGEAL GANGLION AND THE BRAIN-CORPORA 


ALLATA COMPLEX EXTRACTED FROM THE BIVOLTINE RACE 
INTO THE MULTIVOLTINE CAMBODGE HOSTS 


| | 

| Recipient | Diapause | Non-dia- | Moths laid 
moths pause moths | mixed eggs 
| | = = 


moths 
except moths 


laid mixed 


| | 
| Cambodge Bivoltine Num-| % Num- 
race race ber | ber 


of non-dia- 
pause moths 
, of non-dia- 


o 


| 


Control (Wounded) | 27 43 
L.H. (SG, 92) | 32 | 21 


L.H. <—+-H(SG, 3) 36 28 
L.H. <—+-H(Br+CA,9) | 6 
L.H. <—+-H(Br+CA, 3) 3 


39 


| 
| 
35 | 
| 


Note: L.H., the first term of incubation was maintained at low temperature, 17°C, and the 
second term (from the fourth day before hatching to hatching) at high temperature, 24°C; H, high 
incubation at 24°C. 


H 
7 
No. 
L 
34-4 55 44-0 | 50-4 | 61-4 
y 26°9 25 32-1 39-7 39-6 
4. 39-3 | 48 | 53-9 | 68-5 85-4 
45-9 43 50-6 | 64-7 92-9 
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experiments (1956). ‘The capacity of the corpora allata to produce non-diapause 
eggs was the same as in the Daizo race. 


DISCUSSION 

The production of diapause eggs by transplanting the suboesophageal ganglion 
has been found independently by Fukupa (1951, 1952) and by Hasecawa (1951, 
1952) in the silkworm: HaseGawa concluded that the voltinism is determined by 
the amount of the suboesophageal ganglion hormone. Fuxkupa, however, claimed 
that the voltinism is determined by the pupal brain, which controls the secretion of 
the suboesophageal ganglion. When the suboesophageal ganglion hormone is not 
secreted at all in consequence of the inhibitory function of the brain through the 
nerve commissures, moths lay non-diapause egg batches. When a large quantity of 
hormone is secreted by the promoting function of the brain, moths produce 
diapause egg batches. 

In the experiments of the author and his collaborators, however, the “non- 
diapause”’ hosts transplanted with the brain-suboesophageal ganglion complex 


extracted from the ‘“‘non-diapause” donor produced some “diapause’’ moths 


which laid batches of mixed diapause and non-diapause eggs, as seen in no. 5 of 


Table 1. Repeated experiments show that this is always the case. If the brain in 
the “‘non-diapause” pupa perfectly inhibits the secretion of the suboesophageal 
ganglion, then “‘non-diapause”’ moths only should be produced in the above 
experiments. ‘Therefore the inhibitory function of the brain of “non-diapause”’ 
individual must needs be weak. 


Fukupa’s hypothesis explains very well the case which converts the non- 
diapause egg into the diapause one. But it may not explain the case which converts 
the diapause egg to the non-diapause one. The brain of the diapause larva 
accelerates the function of the suboesophageal ganglion which secretes the diapause 
hormone. When the brain of this larva is removed, the reason that the non- 
diapause eggs were produced cannot be explained as above, for the suboesophageal 
ganglion alone has the capacity to convert non-diapause eggs into diapause ones. 

The voltinism in the silkworm is, however, too complex to be explained by the 
action of the suboesophageal ganglion hormone alone. Moronosut (1956, 1957) 
succeeded in producing non-diapause eggs by transplanting the corpora allata into 
“diapause” hosts. From these transplantation experiments, it was verified that 
the voltinism is determined by a balance of the corpora allata and suboesophageal 
ganglion hormones, and that the brain is weakly related to the secretory activities 
of the two hormones. The brain of the univoltine race or the brain of the “ diapause”’ 
larva weakly promotes the secretory activity of the suboesophageal ganglion and 
weakly inhibits that of the corpora allata. On the other hand, the brain of the 
multivoltine race or the brain of the “non-diapause”’ larva weakly inhibits the 
secretory activity of the suboesophageal ganglion and weakly promotes that of 
the corpora allata. 

When the suboesophageal ganglion is transplanted into a larval body, the ratio 
of corpora allata to suboesophageal ganglion (CA/SG) becomes small and the hosts 
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diapause; but, on the contrary, when the corpora allata are transplanted, the 
ratio of CA/SG becomes large and the hosts do not diapause. 

The removal of the brain from the “diapause”’ pupa makes the ratio of CA/SG 
‘non-diapause’’ pupa makes the 


‘ 


large; but, on the contrary, the removal from the 
ratio of CA/SG small. Some moths in the former case lay non-diapause egg 
batches and some in the latter diapause ones. 

The reason that the voltinism of the bivoltine race is controlled by temperature 
and light during incubation may be due to the change in the function of the young 
brain. When the silkworm is incubated under low temperatures and in darkness, 
the function of the brain will be changed, diapause -> non-diapause; but, on the 
contrary, under high temperatures and in light, non-diapause — diapause. 

The above-mentioned relations are illustrated in Figs. 1-3. 


SUMMARY 
Production of diapause eggs by transplantation of the suboesophageal ganglion or the 
brain-suboesophageal ganglion complex 

(1) It was found from the transplantation experiments in the silkworm that 
the suboesophageal ganglion produces a hormone which converts the “non- 
diapause”’ individual into the “diapause’’ one. 

(2) From the transplantation experiments in the fifth larval instar, the function 
of the suboesophageal ganglion seems to become gradually stronger with age. At 
the earlier stage of the fifth instar, the production of the “diapause”’ moth is more 
effective when the suboesophageal ganglion extracted from the old donor is 


employed than in the case from the young one. At the later stage, however, there 


is little difference between young and old donors. 

(3) The function of the suboesophageal ganglion differs with each voltine race, 
and it is stronger in the univoltine than in the bivoltine. 

(4) The brain controls the secretion of the suboesophageal ganglion through 
the nerve commissures. That is, the brain extracted from the “diapause’’ or from 
the univoltine pupa weakly promotes the secretion of the suboesophageal ganglion, 
whereas the brain extracted from the ‘“non-diapause”’ or from a multivoltine 
pupa weakly inhibits the secretion of the suboesophageal ganglion. 

(5) In the hosts transplanted with the suboesophageal ganglion or the brain- 
suboesophageal ganglion complex, the cocoon weight and amount of silk are large 


as compared with those of the controls. 


Production of non-diapause eggs by transplantation of the corpora allata or the 
brain-corpora allata complex 

(6) It was found from the transplantation experiments that the corpora allata 
produce a hormone which converts the “‘diapause’’ individual into the “non- 
diapause’”’ one. 

(7) From the transplantation experiments during the fifth instar, the capacity 
of the corpora allata became gradually weaker with age. At the earlier and the 
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Fic. 1. Diagram illustrating the effect of age on the relative functions of the CA and SG 
organs in the fifth larval instar in the silkworm. 

Ordinate, functions of hormones; abscissa, developmental stage. The function of the CA 
becomes weaker with age and that of the SG stronger. The two hormones act antagonistically 
to each other. 


CA 


. diapause 
SG + SG 


non-diapause 


Fic. 2. Diagram illustrating the change of voltinism caused by transplantation of the CA 
and SG organs. 

A, production of the diapause eggs by transplantation of the SG organ; B, production of 
the non-diapause eggs by transplantation of the CA organ. 


Fic. 3. Diagram illustrating the internal secretory organs which are found in the larval 
head of the silkworm, and their antagonistic relations. 

SG, suboesophageal ganglion; CA, corpora allata; Br, brain; i, inhibition; p, promotion; 
L,,, brain of “‘diapause’’ pupa; L,,*, brain of “‘non-diapause” pupa. The function of the 
CA is strongest in the trimoulting and weakest in the pentamoulting races; and the function 
of the SG is strongest in the univoltine and weakest in the multivoltine races. The brain 
(L,,,) of “diapause”’ pupae weakly promotes (p) the function of the SG and weakly inhibits 
(i) the function of the CA. On the other hand, the brain (L,,*) of “non-diapause”’ pupae 
weakly promotes the function of the CA and weakly inhibits the function of the 5G. A 
growth-promoting hormone which is secreted from the CA acts antagonistically on a 


growth-inhibitory hormone which is secreted from the SG. Accordingly, the voltinism in 


the silkworm is determined by an antagonistic balance of these two hormones. 
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later stages of the fifth instar, the production of the ‘‘non-diapause” moth is more 
effective when corpora allata are taken from young rather than old donors. 

(8) The capacity of the corpora allata differs in each moulting race: it is stronger 
in trimoulting than in tetramoulting races. 

(9) The brain controls the secretion of the corpora allata through the nerve 
commissures. Namely, the brain extracted from the “diapause” or from the 
univoltine donor weakly inhibits the secretion of the corpora allata; on the other 
hand, the brain extracted from the “non-diapause’’ or from the multivoltine 
weakly promotes the secretion of the corpora allata. 

(10) In the host transplanted with the corpora allata or the brain-corpora 
allata complex, the cocoon weight and amount of silk are less as compared with 
those of the controls. 


Function of the suboesophageal ganglion and the corpus allatum 


(11) The function of the suboesophageal ganglion and the corpora allata are 
related not only to the voltinism, but also to quantitative characters such as larval 
duration, moult-numbers, cocoon weight, and amount of silk. ‘The suboeso- 
phageal ganglion tends to increase these characters, whereas the corpora allata tend 
to decrease them. It seems reasonable to believe that the suboesophageal ganglion 
hormone may be a growth-inhibitory hormone, and the corpus allatum a growth- 
promoting one. 
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APPENDIX 
EXPLANATION OF PLATE 

A.L the figures are photographs of the egg batches laid by silkworm moths. They 
were made under the same magnification. Table 7 shows the results obtained in 
the transplantation experiments designed in four possible combinations. In the 
photographs diapause eggs remain black and non-diapause hatched eggs (empty) 
remain white. 

TaspLe 7—CHANGES OF THE VOLTINISM BY TRANSPLANTATION OF THE SUBOESOPHAGEAL 


GANGLION (SG), THE BRAIN-SUBOESOPHAGEAL GANGLION COMPLEX (Br-SG), THE CORPORA 
ALLATA (CA) AND THE BRAIN-CORPORA ALLATA COMPLEX (Br CA) 


No. of | Recipient Donor 
figures | (Daiz6 race) - 


- 
| 
| 
| 
| 


(Race) 
Control (Wounded) Bivoltine Daiz6 
L (SG, 1/V) Bivoltine Daiz6 
L (SG, 5/V) Bivoltine Daizéd 
L (Br+SG, 5/V) Bivoltine Daiz6 


Control (Wounded) Bivoltine Daiz6 
i—H (SG, 1/V) Bivoltine Daiz6 

H (SG, 3/V) Univoltine European No. 16 

H (Br+SG, 3/V) Univoltine European No. 16 
Control (Wounded) Bivoltine Daizi 
H (CA, 2/V) Bivoltine Daizd 
H < 4/V) Bivoltine Daizd 
H « , (Br+CaA, 2/V) Bivoltine Daiz6d 


Control (Wounded) Bivoltine Daiz6 
H « +—H (CA, 2/V) Univoltine trimoulting 
H « H(Br+CaA, Univoltine trimoulting 
H(CA, Multivoltine tetramoulting Cambodge 
H « H (Br+CaA, Multivoltine tetramoulting Cambodge 


Note: L. low incubation at 15°C; H, high incubation at 24°C; 1/V, 2’V, 3/V, 4/V, 5/V, trans- 
planted on the first, second, third, fourth, and fifth day of the fifth instar, respectively. 


4-7 (group A). Influence of age of the suboesophageal ganglion (SG) on the 
function to produce the diapause eggs, and inhibitory function of the brain (Br) 
on the SG through the nerve commissures. 

It is seen from Figs. 5 and 6 that the function of the SG becomes gradually 
stronger with age for the production of diapause eggs, and from Figs. 6 and 7 that 
the brain extracted from “‘non-diapause”’ donors weakly inhibits the secretion of 
the SG through the nerve commiussures. 

8-11 (group B). Race difference of the function of the SG, and promoting 
function of the brain on the SG through the nerve commissures. 
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It is seen from Figs. 9 and 10 that the function of the SG differs with each 
voltine race, and from Figs. 10 and 11 that the brain of univoltine European No. 16 
weakly stimulates the secretion of the SG through the nerve commissures. 

12-15 (group C). Influence of age of the corpora allata (CA) on the function 
to produce the non-diapause eggs, and promoting function of the brain on the CA 


through the nerve commissures. 

It is seen from Figs. 13 and 14 that the function of the CA becomes gradually 
weaker with age for the production of non-diapause eggs, and from Figs. 13 and 15 
that the brain extracted from ‘‘non-diapause’’ donors weakly stimulates the 
secretion of the CA through the nerve commissures. 

16-20 (group D). Race difference of the function of the CA, and inhibitory or 
promoting function of the brain on the CA through the nerve commissures. 

It is seen from Figs. 17 and 19 that the function of the CA differs with moulting 
race, and from Figs. 17 and 18 that the brain of ‘“‘diapause”’ trimoulting race weakly 
inhibits the secretion of the CA through the nerve commissures. It is also clear 
from Figs. 19 and 20 that the brain extracted from multivoltine donors weakly 
stimulates the secretion of the CA through the nerve commissures. For further 


explanations see text. 
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ELECTRICAL RESPONSE FROM THE COMPOUND 
EYE OF LUCILIA*+ 
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(Received 17 May 1958) 


Abstract—ERGs were recorded from the compound eye of Lucilia with the aid of an 
ultra-microelectrode. As with Apis, the ERG from Lucilia was shown to consist of two 
components, positive and negative, which had their origin in the receptor layer. Two 
components were recorded from the region corresponding to the medulla externa in 
inverse polarity. ‘The negative component reversed its polarity at the basement mem- 
brane, and it was concluded that this polarity reversal was an active process. 


INTRODUCTION 

Tue electrical response from the compound eye of insects has been reported by 
many observers. ‘The component analysis of the ERG from the insect compound 
eye was suggested by JAHN and Wutrr (1942), AurruM and GaLiwirtz (1951), and 
HASSENSTEIN (1957). According to JAHN and Wutrr, the ERG from the compound 
eye of a grasshopper was the algebraic sum of two components, one from the 
retinal layer, and the other, of an opposite sign, from the optic ganglion. AUTRUM 
and GALLwitz also reached nearly the same conclusion. On the other hand, 
KuwaBARA and Naka (1957) have recorded the ERG from several insects 
including Apis with the aid of a micro-electrode and concluded that the ERG 
consisted of two monophasic components with an opposite sign that had their 
origin in the receptor layer. 

Burtt and Catron (1956) have reported that the ERG from several insects 
reversed its polarity somewhere in the optic pathway, and they concluded that in 
Calliphora the reversal had occurred in the first synaptic region. 

This paper will describe some features of the ERG from the compound eye of 
Lucilia and also deals with the polarity reversal of the ERG at the optic pathway. 


MATERIALS AND METHODS 


The fly, Lucilia caesar, was used as the experimental animal. Before the 


experiments, the head was detached from the body. 

When the ERG from the retinal layer and the optic ganglion was studied the 
head was horizontally cut in half to expose the optic lobes. The preparation was 
fixed in a Ringer pool with Vaseline. 

* Contribution from the Biological Institute, Faculty of Science, Kyushu University, No. 69. 


t Aided in part by the Scientific Research Fund of the Ministry of Education. 


41 


4 
a 
ie 
q 
4 
= 
4 
+ 


42 K. NAKA AND M. KuwaBARA 


‘To study the ERG from the excised receptor layer the retinal layer was cut off 
with a sharp razor. ‘Thus the prepared material consisted of the retinal 
layer and the basement membrane. Occasionally the remnants of the optic ganglion 
were involved in the preparation but this did not cause any change in the results 
obtained by this method of recording the ERG. The methods of recording the 
ERG from the excised retinal layer will be described later. 

The light source was a 250 w projector lamp, and a lens was employed to focus 
light from the lamp on the preparation. The stimulating light was flashed on the 
preparation by a focal plane shutter with a fixed exposure time of about 50 msec. 

The intensity of the stimulating light was controlled by three neutral filters, 
each of which had an adsorption of 90 per cent. The intensity of the stimulating 
light without filters will be referred to as 1 or unit intensity. 

The electrode used was a 3u KCl-filled capillary electrode with a tip diameter 
of less than 1M. The electrode was positioned and inserted into the preparation 
by a micro-manipulator. 

As an input stage of the amplifier an electrometer tube was employed, as 
specified by ELMore and Sanps (1949). Two D.C. amplifiers were used, one for 
the amplification of the action potential and the other for the amplification of the 
light signal. The amplified potential was displaced on the screen of a CRT and 


recorded with a 35 mm camera. From time to time a 0-5 uF condenser with a grid 
leak of 1 MQ was inserted between the input stage and the following D.C. 
amplifier to prevent the drifting of the base line. No noticeable distortion of the 


wave form resulted from this C.R. coupling. 

All the experiments were conducted in a room temperature ranging from 10°- 
15°C, 

In the present paper ‘ERG’ will refer to electrical potential caused by illu- 
mination and recorded from points anywhere in the receptor layer or on the optic 
ganglion. 


RESULTS 
‘The head of the insect was horizontally cut in half to expose the retinal layer 
and the optic lobes. Under a binocular microscope an electrode was inserted 
into three regions, the retinal layer, the region proximal to the basement 
membrane, and the region corresponding to the medulla externa. The wave form 
of the ERG varied according to the region where the electrode was inserted. 


ERG from fresh preparations 

The ERGs recorded from the retinal layer of a fresh preparation are shown in 
Fig. 1. ‘The response to illumination of a very low intensity (0-1 per cent of the 
unit intensity) was a monophasic positive wave (Fig. la). When the illumination was 
increased in intensity the wave form of the ERG became complicated (Fig. 1b 
and Ic). This seemed to be caused by the appearance of a negative component 
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in the ERG. ‘The ERG which is shown in Fig. 1d has been reported by KuwaBara 
and Naka (1957) to consist of two monophasic components with opposite 
polarity. The positive spike-like potential at the onset of the ERG evoked by a 
high intensity illumination seemed to be due to interaction between the two 
components. It is apparent that in the fresh preparation of the Lucilia compound 
eye the response to low intensity light stimulus consisted of a positive component 
while a high intensity light stimulus caused the appearance of a negative 
component in the ERG. 

The ERGs recorded from the region just proximal to the basement membrane 
were monophasic positive waves which did not undergo any changes in the wave 
form when the illumination was increased in intensity (Fig. 2). Therefore the 
ERG from this region of the optic pathway seemed to consist of a single component 
which was positive in polarity. 

The ERGs recorded from the region corresponding to the medulla externa are 
shown in Fig. 3. The wave form of the ERGs produced in this region are mirror 
images of the ERGs from the receptor layer. ‘The response to the stimulation of a 
very low intensity (0-1 per cent of the unit intensity) was a negative wave (Fig. 3a) 
and with increase in the intensity of the illumination a positive component appeared 
in the ERG (Fig. 3b and 3c) and a negative spike-like potential, which was the 
counterpart of the positive spike-like potential in the ERG from the receptor 
layer, became more conspicuous. It is apparent that in this region of the optic 
lobe two components in the retinal layer were recorded in inverse polarity, the 
positive component in the retinal layer recorded as a negative wave and the negative 
one as a positive wave. When the electrode was moved from the medulla externa 
toward the central side of the preparation, the wave form of the ERG did not 
change although the amplitude of the response declined gradually. 


ERG from degenerating material 

The day after the preceding experiments, the ERGs were recorded from the 
same preparation under the same conditions. At that time the preparation seemed 
to be decaying. The regions where the electrode was inserted were the same as in 
the preceding experiments. 

The ERGs recorded from the retinal layer were negative, as shown in Fig. 4. 
The response to illumination of a very low intensity (0-1 per cent of the unit intensity) 
was a monophasic negative wave and the increase in the intensity of the illumination 
caused the appearance of a positive hump in the ERG (Fig. 4b, c, d). The hump 
appeared at the earlier part of the response when the stimulus was increased in 
intensity. This type of response was quite different from the response of the 
fresh preparation. As it is inconceivable that the positive component from 
the retinal layer of the fresh preparation would reverse its polarity as a result of 
the degeneration, it seemed reasonable to suppose that the negative wave from the 
retinal layer of the degenerating material corresponded to the negative component 
in the ERG from the fresh preparation. Consequently the positive hump was the 
remnant of the positive component of the ERG from the fresh preparation. 
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Thus the difference between the two types of ERG (i.e. those from the fresh 
and degenerating preparations) seemed to have been brought about by the degenera- 
tion which resulted in increase in the amplitude of the negative component and 
decrease in the amplitude of the positive component. At the same time it is interesting 
to note that in the degenerating material the negative component preceded the 
positive one whereas in the fresh preparation the positive one preceded the negative 
component. 


| 


Fic. 7. Analysis of the ERG from the receptor layer and the optic pathway of Lucilia, 


ERGs recorded from the receptor layer, the region proximal to the basement membrane and 


the medulla externa are schematically separated into two components The full line and 


dotted line re present the positive and negative component in the receptor laver respectively. 


When the preparation further degenerated, the positive hump disappeared 
entirely from the ERG although the negative component regenerated in the same 
amplitude for three or four days under the experimental conditions. The ERGs 
from the region proximal to the basement membrane were positive waves as in 
the fresh preparation although the amplitude of the responses was greatly 
increased (Fig. 5). The hump was present but had a very small amplitude; 
the polarity of the hump was also reversed. Judging from the wave form of the 
ERG, the large positive wave and the negative hump corresponded respectively to 
the negative wave and the positive hump in the ERG from the receptor layer. 

The ERGs recorded from the region corresponding to the medulla externa are 
shown in Fig. 6. The ERG recorded with a high intensity flash light, consisted 
of a positive wave and a negative hump which had considerable amplitude. ‘The 
ERG in Fig. 6d was a mirror image of the ERG from the retinal layer. When the 
stimulation was decreased in intensity the amplitude of the positive wave became 
smaller in comparison with the negative hump. 

From the above results the relation between the two components from the 
retinal layer can be summarized as follows: the ERG from the retinal layer of the 
insect compound eye is composed of two components, a positive and a negative 
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wave. The positive component appears in the medulla externa as a negative wave, 
although it can be recorded in very small amplitude from the region proximal to 


the basement membrane. ‘The negative component from the retinal layer reverses 


its polarity at the basement membrane and is recorded from the optic pathway as 


a positive wave. These relations are shown schematically in Fig. 7. 


The polarity reversal of the negative component at the basement membrane 


In the preceding experiments it was shown that the negative component 
from the retinal layer reversed its polarity at the basement membrane. The same 
phenomenon has also been observed by Naka and Kuwasara (1959) on Procam- 
harus. 


To investigate the polarity reversal of the negative component in detail the 
ERG from the excised receptor layer was recorded by an electrode which was 


inserted through the basement membrane toward the corneal side. The method of 
recording the ERG is shown schematically in Fig. 8. 


O 


UU 


Fic. 8. Schematic representation of the method of recording the ERG from the dissected 


receptor layer. (a) microelectrode, (b) basement membrane, (c) receptor layer and (d) cotton 


wie 


The ERG recorded from the electrode just touching the surface of the basement 
membrane was a large monophasic positive wave which had the same wave form 


as the ERG from the proximal region of the basement membrane of the degenerating 


material (Fig. 9). The increase in the intensity of the illumination resulted only in 


the increase in the amplitude and duration of the response but not in any change 


in the wave form. The electrode was pushed downward through the basement 


membrane and the ERGs recorded from this position of the electrode are shown 


in Fig. 10. ‘The response to the illumination of very low intensity (0-1 per cent of 


the unit intensity) was a negative wave which seemed identical with the negative 


wave from the receptor layer of the degenerating material. When the illumination 


was increased in intensity there appeared a positive wave in the ERG (Fig. 10c). 


The response to illumination of the unit intensity was a triphasic wave which 


consisted of a negative wave and a positive wave (Fig. 10d). The positive 


component which appeared in the high intensity response seemed to correspond 
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to the positive wave recorded by the electrode placed on the surface of the basement 
membrane. When the electrode was inserted more deeply toward the corneal 
surface the positive wave which appeared in the response to the illumination of 
high intensity became smaller and the negative wave dominated the ERG (Fig. 11). 
The further insertion of the electrode caused the disappearance of the positive wave 
and the ERG consisted of a negative component which was identical with the 
negative wave recorded from the receptor layer of the degenerating material (Fig. 
12). 


DISCUSSION 

The ERG has been recorded from the compound eye of insects by many authors. 
JauN and Wutrr (1942) reported that the ERG from the grasshopper consisted of 
two components. They supposed that the ganglion was the site of an ERG 
component opposed to the negative potential from the receptor layer. AUTRUM 
and Gatiwitz (1951) also reached nearly the same conclusion. According to 
them, the illumination potential was divisible into two components, a negative 
generator potential from the retinal layer and a positive one from the optic lobe. 

On the other hand, Kuwapara and Naka (1957) have shown that the ERG 
from the compound eye of several insects, including Apis, consisted of two mono- 


phasic components, and they concluded that the two components had their origin 


in the receptor layer. As in Apis, the response of the fresh preparation of Luctlia 
to a stimulus of a very low intensity was a positive wave. Although the increase 
in the intensity of the illumination had caused the appearance of a negative com- 
ponent in the ERG, the positive component always preceded the negative 
component. Judging from the results of the present experiment it is unlikely 
that the positive component was generated by the negative potential. Moreover, 
the ERG was recorded with an ultra-microelectrode which suggests that the 
recorded ERG was from a very restricted area. On the other hand the negative 
component preceded the positive component in the degenerating material. ‘The 
observation that the latency of two components could be interchangeable leads 
to the conclusion that the two components originated independently in the 
retinal layer. KUWABARA and Naka (1957) reached the same conclusion on Apis. 

The positive component was easily susceptible to degeneration and with the 
progress of the degeneration it became smaller until it disappeared entirely from 
the ERG. On the other hand, the negative component was so resistant to 
degeneration that it was still recorded three days after decapitation. It is interesting 
to note that the positive component of the ERG from the receptor layer of 
Procambarus was found to be more susceptible to degeneration than the negative 
component (NAKA and Kuwabara, 1956, 1959). 

It seems inconsistent that in the fresh preparation the response to the illumina- 
tion of low intensity was a positive wave whereas in the degenerating preparation 
it was a negative wave. Furthermore, the amplitude of the negative wave was 
greater in the degenerating material than in the fresh one. This inconsistency 
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Fic. 9. ERGs recorded when the 
electrode touched the inner surface of 


Fic. 10. ERGs recorded when the 
electrode was inserted into the base- 
the basement membrane of a dissected 


ment membrane. Other legends 


preparation. ERGs in Figs. 9-12 were same as in Fig. 1. 


recorded from the same preparation. 
Reference voltage, 5 mV. Other legends 
are same as in Fig. 1. 
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Fic. 12. ERGs recorded when the 
electrode was in the receptor laver. 
Other legends are same as in Fig. 1. 


Fic. 11. ERGs recorded when the 

electrode was inserted through the 

. basement membrane. Other legends 
are same as in Fig. 1. 
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can be explained if it is postulated that the full generation of the negative component 
from the receptor is, under normal conditions, inhibited by some mechanism 
which is made ineffective by degeneration. HAsseNsTeIn (1957) recorded the 
ERG from Sarcophaga and Eristalis and observed that the diphasic ERG was 
transformed into a monophasic wave after a period of degeneration. As to the 
component analysis of the ERG he suggested that the ERG was composed of two 
components, a diphasic wave and a negative one. AuTRUM (1950) and AuTRUM 
and GALLWitTz (1951) have classified the ERG from the compound eye of insects 
into two types, namely the slow and the fast. According to their classification the 
ERG from the fresh preparation of Lucilia belongs to the fast type, whereas 
degeneration changes it into the slow type. In other words the fast type consists 
of two components, the positive and negative, whereas the slow type consists of 
the negative component only. 

The polarity reversal of the ERG in the optic lobe was observed by Burtt 
and Catton (1956) in certain insects. In Calliphora, they concluded that the 
reversal had occurred at the first synaptic region. Ruck and JAHN (1954) have 
also reported that the ERG from Ligia reversed its polarity at the optic pathway 
and this reversal occurred even when the ganglion was absent. In Lucilia, the 
polarity reversal can be divided into two problems: the reversal of the ERG at 
the optic pathway, and the reversal of the negative component at the basement 
membrane. ‘The inverted ERG was recorded from the region corresponding to 
the medulla externa, with the positive component in the retinal layer recorded as 
a negative wave, whereas the negative wave in the retinal layer was recorded 
as a positive one. ‘This type of polarity reversal did not occur when the optic 
ganglion was removed. ‘The fact that the amplitude of the inverted positive wave 
from the retinal layer was smaller at the region proximal to the basement mem- 
brane than at the medulla externa may offer a clue to explain this phenomenon. 

In the degenerating preparation of Lucilia the negative wave recorded from 
the retinal layer reversed its polarity at the basement membrane. There are two 
explanations for the polarity reversal of the negative component at the basement 
membrane. The first is that the two waves, the negative wave from the receptor 
layer and the positive wave from the region proximal to the basement membrane, 
had the same origin of generation and the negative wave reversed its polarity at 
the basement membrane by a physical mechanism such as the high resistance 
of the basement membrane. This type of reversal may be called an inactive 
reversal. The other explanation is that the two components had different 
origins of generation, which may be called an active reversal. ‘The results 
of the present experiments support the latter view inasmuch as when the electrode 
was inserted through the basement membrane there was a point at which the ERG 
was triphasic. The ganglion seems to play no part in the reversal of the negative 
component. The reversal of the ERG reported by Ruck and JAHN seems to 
belong to this type. 

On the polarity reversal of the negative component at the basement membrane 
these results lead to the tentative hypothesis that the negative potential from the 
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receptor layer may induce a positive potential from the region proximal to the 
basement membrane at the region where the retinula cells penetrate the basement 
membrane. 

In recent years the ultra-microscopic structure of the compound eye has been 
revealed by some writers (GOLDSMITH and PuiLpott, 1957 ; WOLKEN, CAPENOS, 
and TuRANO, 1957), but it is still difficult to correlate the results of the electro- 
physiological investigation with the possible structures in the retina. ‘The present 
results suggest that some structure at the basement membrane may play an impor- 
tant role in the reversal of the negative component at the basement membrane. 
As to the origin of the ERG, Burtrr and Catron (1956) have presented the 
hypothesis that the origin of the illumination potential was confined to the first 
synaptic region. WuLrr, Fry, and Linpe (1955) suggested that the retinal 
potential was generated by a substance called C which was produced when the 
light acted on a photosensitive substance S. Hart Line and his collaborators (1952) 
have inserted the microelectrode into the Limulus ommatidia and recorded the 
intracellular retinal action potential, which was supposed to originate from the 
eccentric cell. On the other hand Orroson and SvaeTICHIN (1952) also concluded 
that the ERG was generated only from the receptor layer in the frog’s retina. 

The present result supports the conclusion reached by Kuwabara and NAKA 
(1957) that the insect ERG is composed of two components which originate from 
the receptor layer. 
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Abstract—The free amino acids and polypeptides were determined qualitatively and 
juantitatively with the aid of paper chromatography during the embryonic develop- 
ment of Drosophila mela ister he total ninhydrin positive material reaches its 

im shortly before hatching and subsequently increases. Aspartic acid is present 


amounts in freshly laid eggs but decreases during the first 24 hours until it 


disappe irs Glutamic acid increases at first but then later also decreases The 


concentration of glutamine is inversely proportional to that of glutamic acid. x-alanine 


ncreases clearly and regularly during the entire embryonic development. 


EINLEITUNG 
FUr die meisten embryonal wirkenden Letalfaktoren von Drosophila melanogaster 
kennen wir bis heute nur das morphologisch-histologische Schadigungsmuster. 
Um zu einem méglichst vollstandigen Bild des pleiotropen Wirkungsmusters zu 
gelangen, sollten aber auch physiologische und biochemische Phane erfasst werden 
(HaporN, 1955). und Povutson (1939) und (1954) untersuchten 
vergleichend die Atmungsrate normaler und embryonal letaler Keime und stellten 


ibereinstimmend fest, dass die Atmung bei den letalen Embryonen stark herab- 


gesetzt ist. NAKAMURA ef al. (195la) chromatographierten Hydrolysate aus 
normalen, letalen (yy) und unbefruchteten Eiern und fanden einen nicht naher 
bestimmten Stott (ev. Cystin) in den letalen und unbefruchteten Eiern, nicht aber 
in den normalen. Ahnliche Verhaltnisse zeigten sich auch fiir Drosophila virilis 
NAKAMURA ef al. (1951b). Dieselben Autoren stellten fiir die letalen Embryonen 
eines attached-X Stammes von Drosophila melanogaster einen Abfall gewisser 
Aminosauren (z. B. Glutaminsaure, Asparaginsdure) gegeniiber normalen Eiern 
fest (NAKAMURA ef al., 1953). Die vorliegende Arbeit soll als Grundlage fiir weitere 
Untersuchungen in dieser Richtung dienen. Sie befasst sich nur mit der Embry- 
onalentwicklung normaler Genotypen und sollte spatere Vergleiche mit letalen 
Keimen ermdglichen. 

1 ich fiir die Anregung zu dieser Arbeit, sowie fiir seine 


erpfilichtet Herrn Dr. P. S. Cut danke ich bestens 


ler Zusammenstellung des Manuskriptes. 
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METHODE 
Aus den Gelegen eines Drosophila-Wildstammes (Sevelen) wurden Extrakte hergestellt 
und diese sowohl ein—als auch zweidimensional chromatographiert. Fiir ein eindimen- 
sionales Chromatogramm geniigte ein Extrakt aus 250 Eiern, wahrend 1000 Eier extrahiert 
werden mussten, um im zweidimensionalen Chromatogramm auch die schwicheren 
Flecken sichtbar zu machen. Die Eier wurden in zweistiindigen Gelegen bei 25° gewonnen 
In Anlehnung an ULricn (1953) wurden kleine Futterschilchen mit reichlich Hefe versehen 


Tr 


6 12 18 24h 


Ans. 1. Gesamtmenge der ninhydrinpositiven Substanzen pro 250 Eier wahrend det 
Embryonalentwicklung von Drosophila melanogaster 
Ordinate Extinktionse:mheiten 


Abszisse : Entwicklungsalter in Stunden (h) nach E:ablage 


und mit einem mit Holtfreter benetzten Filterpapierstreifen belegt. Darauf wurden 


wiederum kleine Filterpapierstreifchen leiterartig angeordnet. Es bestiitigte sich, dass 


i 


die Fliegen thre Eier mit Vorliebe an die Kanten dieser Streifchen legten, was das Sammeln 


sehr erleichterte Die Eier konnten mit dem Pinsel zusammengewischt und gezihit 


werden. Da sie nicht mit Hefe verunreinigt waren, geniigte es, sie anschliessend noch 


kurz in destilliertem Wasser zu spiihlen. Je 1000 Eier (fiir cin eindimensionales Chromato- 


gramm 250) wurden in 0.3 ccm 80 Methvlalkohol fein zerrieben und anschliessend 


zentrifugiert. Der Extrakt wurde auf Whatman Filterpapier Nr. | aufgetragen, aufsteigend 


in 70°, Propanol und anschliessend absteigend in wassergesittigtem Phenol bei Zimmer- 


temperatur chromatographiert. Das Phenol wurde durch Warmluft (ca. 45°) wihrend 


etwa 2 Stunden aus dem Papier entfernt 
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Die quantitative Bestimmung der Aminosiuren geschah nach der abgedinderten Methode 
von Bope et al. (1952). Die Chromatogramme wurden beidseitig mit 0,5°, Ninhydrin- 
lésung bespriiht und wihrend 30 Minuten bei 80° getrocknet. So erscheinen dic 
Flecken deutlich sichtbar. Anschliessendes Bespriihen mit destilliertem Wasser und 
nochmaliges Spritzen mit 0,5°, Ninhydrin entwickelt das Chromatogramm vollstindig 
Die Flecken wurden nun sogleich planimetriert, ausgeschnitten und in je 5 cem Methanol, 
dem 0,1 saure Kupfernitratlésung (1 ccm gesittigte wiisserige Lésung von Cu(NOQ,), 

0,1 cem 10°, HNO, in 100 com Methanol) beigegeben wurde, eluiert. Der rote Kupfer- 
komplex, der dadurch entsteht, ist stabil und die Lésungen kénnen einige Zeit im Eisschrank 
aufbewahrt werden. Darauf wurden im Beckman-Photospektrometer bei einer Wellen- 
lange von 510 mu die Extinktionswerte bestimmt und die Papierwerte von den gemessenen 
Werten abgezogen (vergl. Benz, 1955) 


T 


6 12 18 24h 
2. Mengenveranderung der Asparaginséure (As) und des z-Alanin («-A) wahrend 
ler Embryonalentwicklung von Drosophila melanogaster (E-xtrakte aus 1000 Eiern). Jeder 
Punkt ist ein Mittelwert aus 10-11 Einzelbestimmungen 
Ordinate : Extinktionseinheiten 


\bszisse : Entwicklungsalter in Stunden (h) nach E1ablag« 


ERGEBNISSE 
Die Eier wurden bei 25 +-0,5 C threr Entwicklung tiberlassen und im Alter 
von Ohr, 6hr, 12hr und 18hr extrahiert, wobei jedoch immer mit einer Streuung 
des Alters um + lhr gerechnet werden muss, da die Kier in 2-stiindigen Gelegen 
gewonnen wurden. Erginzend wurden auch noch 24hr alte Larven des 1. 


Stadiums, die noch keine Nahrung zu sich genommen hatten, chromatographiert. 


- 
52 
| 
| 
| 
O6 + 
\ 
\ 
\ 
0 4 4 \ 
/ 
0-2 \ 
| 
a 
( 
oe 
A 


QUANTITATIVE UNTERSUCHUNG DER FREIEN AMINOSAUREN 


(a) Ein-dimensionale Chromatogramme 


Aus den Mittelwerten einer Serie von je 7 Versuchen geht hervor, dass die 
Gesamtmenge der ninhydrinpositiven Substanzen unmittelbar vor dem Schliipfen 
der Larven ein Minimum erreicht, anschliessend steigt sie wieder an (Abb. 1). 


(b) Zwet-dimensionale Chromatagramme 


Eine Zusammenstellung der Aminosiuren und Peptide, die. wihrend der 
Embryonalentwicklung von Drosophila auftreten, findet sich in ‘Tabelle 1. 
$-Alanin ist in 0-18 Stunden alten Eiern héchstens spurenweise vorhanden, tritt 
aber bei frischgeschliipften Larven deutlich bestimmbar hervor. Arginin und 


TABELLE 1—DIE FREIEN AMINOSAUREN UND POLYPEPTIDE UND IHRE EXTINKTIONSWERTE* (IN 

EXTINKTIONSEINHEITEN DES BECKMAN-PHOTOSPEKTROMETER) WAHREND DER EMBRYONALENTWICK- 

LUNG VON Drosophila melanogaster. FOR jepe BesTIMMUNG WURDE EIN EXTRAKT AUS 1000 EIERN 
ODER FRISCHGESCHLUPFTEN LARVEN VERWENDET 


Oh 6h 12h 18 h 24h 

Asparaginsiure 0,626 0.017 0381 O19 0.336 0.015 0,179 009 0.091 0,016 
Glutaminsiure 0,690 0.014 0.845 022 0,707 0.014 0,496 022 0,357 0,009 
Glutamin 0,269 O14 0,160 O10 0.262 O10 0.232 O13 1.031 0,211 
Serin 0,096 007 0.124 007 0.080 004 0.084 005 0,226 0.018 
"Taurin 0,094 O01 0,081 009 0.079 007 0.075 006 0.074 0,007 
Cystin 0,052 006 0.041 007 ; ? 
Glvykokoll 0,126 006 0,158 OO8 0.141 004 0,092 006 0.119 0,008 
Threonin 0,031 O05 0.047 005 0.065 004 0.059 004 0,088 0.011 
x-Alanin 0,059 005 0.103 O10 O14 0251 035 0.581 0,047 
§-Alanin 0,071 0,007 
Histidin 0,050 005 0,054 007 0.070 004 0.079 006 0,089 0,003 
Lysin 0,094 O13 0.054 009 0,053 006 0.077 O10 0.083 0,009 
Arginin ? ? ? 0,053 O12 0,054 + 0,009 
vrosin 0,036 007 0,040 004 0,038 006 
‘Tryptophan 0,053 005 0,049 005 0,031 006 0,031 0,005 
y-Aminobutter- 
siiure 0,039 0,004 0,054 0,008 

0.065 005 0,069 0.010 0,107 0.010 0,007 0,084 0,010 

0,260 O17 0.162 0.017 0.121 0.020 0.181 0.019 0,369 0,026 

0,030 004 0,032 0,003 0,020 0,004 0,028 0,003 0,031 + 0,004 


* Mittelwerte aus je 10-11 Einzelbestimmungen 


y-Aminobuttersiure treten ebenfalls erst mit Sicherheit nach 18-24 Stunden auf, 


wogegen Cystin in Laufe der Embryonalentwicklung verschwindet. Prolin, Valin 
und Leucin, die bei dlteren Larven regelmissig festgestellt werden (CHEN und 
Haporn, 1954: StrumM-ZOLLINGER, 1954; Benz, 1955), fehlen oder sind nur in 
Spuren nachzuweisen. ‘T'yrosin und ‘Tryptophan treten unregelmassig auf. 


Tyrosin fehlt bei 18-24 Stunden alten Eiern oder Larven ganz, ‘Tryptophan ist 
unsicher. 

Die von Haporn und Mircnert (1951) als “Larvin”, von Benz (1955) als 
“Larvin I” und “Larvin II”, von Cuen und Haporn (1954) und Stum™M- 
ZOLLINGER (1954) als P, und P, bezeichneten Peptide kommen auch in den Eiern 
von Drosophila vor. P, (CHeN und Haporn, 1954) oder Metamorphin (Benz, 1955) 
findet sich in allen Eistadien und liegt dicht unter Glykokoll. Das von HADOoRN 
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und MITCHELL (1951) beschriebene Frontpeptid wurde auch festgestellt. Seine 
Konzentration variiert stark, und es ergaben sich fiir die einzelnen Stadien keine 


iibereinstimmenden Resultate. 


0 6 12 18 24h 


Asp. 3. Mengenverinderung der Glutaminsiure (Gs) und des Glutamin (Gn) wahrend 
der Embryonalentwicklung von Drosophila melanogaster (Extrakte aus 1000 Eiern). Jeder 
Punkt ist ein Mittelwert aus 10-11 Einzelbestimmungen. 

Ordinate : Extinktionseinheiten. 

Abszisse : Entwicklungsalter in Stunden (h) nach Eiablage. 


Wichtiger zur Charakterisierung der Aminosiuren und Polypeptide wahrend 
der Embryonalentwicklung sind die quantitativen Bestimmungen (‘Tabelle 1). 
Freie Asparaginsaure ist in frischabgelegten Eiern in grosser Menge vorhanden, 
verschwindet dann aber zum gréssten Teil. «-Alanin verstirkt sich wahrend der 
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ganzen Embryonalentwicklung stetig (Abb. 2). Glutaminsiure nimmt nach einer 
voriibergehenden Verstirkung (6 Stunden) stark ab. Glutamin dagegen erreicht 
nach 6 Stunden ein Minimum und nimmt zwischen 18 und 24 Stunden, also 
wahrend und gleich nach dem Schliipfen, um das drei- bis vierfache zu (Abb. 3). 
Die Konzentrationsschwankungen der iibrigen Stoffe sind wesentlich geringer. 
Bei Threonin und Histidin kann eine leichte Verstirkung, bei T'aurin ein schwacher 
Abfall festgestellt werden. Glykokoll ist in Eiern von 6 Stunden etwas intensiver, 
wird aber nachher wieder reduziert. Serin ist in frisch geschliipften Larven 
deutlich verstarkt. P, erreicht ein Maximum nach 12 Stunden, wogegen P, im 
selben Zeitpunkt ein Minimum aufweist. 


SCHLUSSBEMERKUNG 

Es ist anzunehmen, dass wihrend der Embryonalentwicklung die vorhandenen 
Dotterproteine zu freien Aminosiuren und einfachen Peptiden abgebaut werden, 
um die Synthese von spezifischen Gewebeproteinen zu erméglichen (KAVANAU, 
1954). Nach intensivem Abbau ist die Konzentration der freien Aminosiuren 
hoch, nach Vollzug der Synthese dagegen gering. 

Da Asparaginsiure, Glutaminsiure, Glutamin und «-Alanin am stirksten 
vertreten sind und die gréssten quantitativen Schwankungen zeigen, scheinen 
sie wahrend der Embryonalentwicklung von Drosophila melanogaster eine besondere 
Rolle zu spielen. In die gleiche Richtung weisen auch die Befunde von NAKAMURA, 
IMaiIzuMI und ‘TAKANAMI (1952) fiir die Embryonalentwicklung von Drosophila 
virilis. Asparaginsiure, Glutaminséure und Glutamin sind wichtige Ausgangs- 
materialien fiir die Eiweissynthese. Im Glutamin kénnen Aminogruppen 
gespeichert und von da aus fiir den Aufbau anderer Aminosduren beniitzt werden. 
Die Kurve des Glutamin verlauft entgegengesetzt zu derjenigen der Glutamin- 
siure und der Asparaginsaure (vergl. Abb. 2 und 3). CHen (1956) konnte dasselbe 
bei Urodelenembryonen festellen. Das «-Alanin ist keine essentielle Aminosaure 
und kann durch Transaminierung (LANG, 1952, S. 203) und direkt aus Kohle- 
hydraten (BALDWIN, 1952, S. 449) gebildet werden. 

Die Bestimmung der freien Aminosduren kann nur einige erste Anhaltspunkte 
zur Deutung des komplizierten Proteinstoffwechsels wihrend der Embryonalent- 
wicklung geben. 
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AMINO ACID OXIDASE ACTIVITY IN THE FAT BODY 
AND MALPIGHIAN TUBES OF SOME INSECTS* 
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Abstract—By incubating the fat body or the Malpighian tubes in a saline-buffer 
amino acid mixture, 2-keto acids were produced from a number of D- and DL-amino 
acids. These results suggest the presence of a D-amino acid oxidase in the fat body and 
Malpighian tubes of the American cockroach, Periplaneta americana (L.), and the 
German cockroach, Blattella germanica (L.), and in the fat body of the greater wax 
moth, Galleria mellonella (L.). Other tissues from these insects as w ell as the fat body 
and Malpighian tubes of the large milkweed bug, Oncopeltus fasciatus (Dall.), gave 
negative results. 


INTRODUCTION 
Tue proteins of the food are hydrolysed in the digestive tract of mammals to 
free amino acids which diffuse through the digestive wall into the blood. Some 


of the absorbed amino acids passing through the liver and kidneys are deaminated. 
Deamination may be performed as a preliminary step to transamination, or to 
provide the necessary substrate for carbohydrate and lipid syntheses. Enzymes 


which catalyse deamination include D-amino acid oxidase, L-amino acid oxidase, 
L-glutamic dehydrogenase, and glycine oxidase. They are apparently widely 
distributed but their concentration in mammals is high in the liver and kidneys. 
One of the earliest experimental studies on deamination was made by Kress 
(1933, 1935) who discovered the D- and the L-amino acid oxidase activity of 
pig kidney, using the tissue slice technique. Enzymatic transamination was 
apparently first reported by BRAUNSTEIN and KritzMANN (1937a, b). According 
to BALDWIN (1957), deamination with production of ammonia may be accom- 
plished by two processes, hydrolytic and oxidative. However, very little experi- 
mental evidence supports the hydrolytic process in animal metabolism, the bulk of 
information beingin favour of oxidative deamination, which is achieved as follows : 


COOH COOH 
NH, +0. 


R R 
2—Amino Acid a—Keto Acid 
This reaction would be essentially the same for D- and L-amino acids. 
* This investigation was aided by a grant trom the Lalor Foundation, Wilmington, 
Delaware. ‘The material presented herewith was part of a doctorate thesis submitted to 


the Graduate School, Cornell University, 1949 
+ Entomologist, Science Service Laboratory, St. Jean, Quebec, Canada. 
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In insects, knowledge of the intermediary metabolism of amino acids and more 
particularly of the site and nature of deamination is very limited. BRowN and 
FarBeR (1936) detected deaminase activity in homogenates of larvae of Lucila 
sericata Nig. and Calliphora erythrocephala Mg. ‘The enzyme was active on higher 
protein breakdown products but inactive on amino acids and simple peptides. 
Similar results were obtained by LENNox (1941) working with homogenates of 
larvae of Lucilia cuprina (Wiedemann). BARRON and ‘TAHMISIAN (1948) working on 
Periplaneta americana (L.) reported that the alanine-glutamate transamination 
reaction is catalysed im vitro by cockroach muscle homogenate. AGRELL (1949) 
observed that methylene blue was reduced more rapidly by homogenates of 
pupae of Calliphora erythrocephala Mg. when glutamate, alanine, glycine, or 
valine was added. A brief review by AucLatr (1953) summarized some recent 
investigations on amino acids in insect blood, on their metabolism and importance 
in insect nutrition. ‘This is a report on amino acid oxidase activity in the fat body 
and Malpighian tubes of a few insect species. After the completion of the present 
work, BHEEMESWAR and SREENIVASAYA (1952) presented evidence that the haemo- 
lymph and the glandular and the intestinal tracts of the silkworm, Bombyx mori 
(L.), contain a transaminase capable of mediating the transfer of the amino group 
of aspartic acid to x-ketoglutaric acid. Kitpy and NeviL_e (1956, 1957) working 
on the desert locust, Schistocerca gregaria Forsk.., reported that (1) homogenates 
of fat body catalyse transamination reactions between «-ketoglutarate and several 
z-amino acids, (2) fat body, Malpighian tubes, and mid-gut wall homogenates are 
able to convert glutamic acid into glutamine, and (3) fat body contains arginase, 
D-amino acid oxidase, a less active L-amino acid oxidase, and a glutamate-cyto- 


chrome ¢ reductase system. 


MATERIALS AND METHODS 

‘The experimental insects were reared under standardized laboratory condi- 
tions, and the species with the respective diets used are given in Table 1. 

‘Tissues such as fore-, mid-, and hind-gut, salivary glands, Malpighian tubes, 
gastric caeca, fat body, muscles, male accessory glands, and oécytes, were dis- 
sected out of the living insect and rinsed in several changes of physiological saline. 
They were ground into a homogenate in a glass micro-mortar or used in toto and 
mixed with a substrate of one or several D-, L-, or DL-amino acids, 3’; molar in 
a saline-buffer solution of pH 8-2, the saline being prepared according to YEAGER 
(1939). A droplet of toluene was added to the preparations. Control preparations 
were also made without amino acids, saline, tissues, or toluene. Incubation was 
carried out at 37 C for 3-6 hr. The method for measuring amino acid oxidase 
activity made use of the reagent 2,4,dinitrophenylhydrazine (DPH), as described 
by SeaLock (1941) and Horowrrz (1944). ‘This method has been used satisfac- 
torily by Kress (BALDWIN, 1957), GREEN et al. (1943), and CepRANGOLO (1947) 
for the study of D- and L-amino acid oxidase activity in crude enzyme preparations 
and tissue incubations. In acid solution, DPH reacts with the «-keto acids pro- 
duced by the oxidative deamination of amino acids to give the corresponding 
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2,4,dinitrophenylhydrazones. If an excess of 2N NaOH is then added, a purple 


colour appears which is characteristic of these hydrazones. The colour intensity 


can be determined in a colorimeter against a standard for quantitative purposes. 
In the present work, the incubations and the DPH tests were made in small 


TABLE ‘TESTS INSECTS AND DIET 


Species Diet 


Adults 


Blattella germanica (L.) Whole wheat flour 40 per cent 
(German cockroach) Dried skim milk 40 per cent 
Dried brewer's yeast 20 per cent 
Water 
Periplaneta americana (L.) Dog food (Big Red, G.L.F. Corp.) 
(American cockroach) protein 25 per cent 
tat 4+ per cent 
fibre 5 per cent 
Water 
Oncopeltus fasciatus (Dall.) Milkweed seeds 
(Milkweed bug) Water 
Lary ac 
Galleria mellonella (L.) Pablum moistened with honey, 


((sreater wax moth) ulycerine and water 


biological culture tube caps fitted in test tube holders in which each cell receiving 


a tube was lined with white paper. This simple device, functioning in a manner 
similar to the Dubosq colorimeter, increased the sensitivity of the DPH test. 
Slight differences in the colour intensities between solutions of the incubates 


could be detected, and semi-quantitative comparisons were possible. 


RESULTS AND DISCUSSION 


The mean results obtained from about 400 series of incubations are summar- 


ized in Tables 2 and 3. x-keto acids were produced when a number of D- 
or DL-amino acids were incubated with the fat body or the Malpighian tubes 
of P. americana and B. germanica, or with the fat body of G. mellonella. Other 


tissues from these insects as well as the fat body and Malpighian tubes of O. 


fasciatus gave negative results. ‘These results indicate that the deaminase activity 


of the fat body and Malpighian tubes is mainly caused by a D-amino acid oxidase. 


The function and importance of this enzyme in the intermediary metabolism of 


mammals is not well understood since naturally occurring amino acids are mostly 


of the L form. One of the possible functions for this enzyme would be to destroy 


those amino acids that mav be formed by the racemization of the natural amino 
acids (SUMNER and Somers, 1947). In considering this suggestion, it may be 


noted that the milkweed bug tissues failed to show anv deaminase activity (Table 


3), and it is in the blood of that species that the presence of an unnatural isomer, 
D-alanine, was reported (AucLAIR and Patron, 1950). 


BALDWIN (1957) mentioned that D-amino acid oxidase does not attack glycine. 


D-glutamic acid, and D-lysine. Furthermore, arginine and ornithine might never 
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undergo deamination in living tissues. ‘The amino acid oxidase of the fat body 
of the locust, as reported by Kirtsy and Nevitve (1957), acted upon DL-alanine, 
L-alanine, DL-valine, L-valine, DL-leucine, L-leucine, DL-phenylalanine, and 


‘TABLE 2—AMINO ACID OXIDASE ACTIVITY OF FAT BODY AND MALPIGHIAN TUBES OF 
P. americana (L..) AS DETERMINED BY THE RELATIVE CONCENTRATION OF %-KETO ACIDS 
AFTER INCUBATION WITH AMINO ACIDS 


Rapidly oxidized Very slowly oxidized Not oxidized 
By fat body By both tissues By both tissues 


D-Alanine DL-Serine 4-Alanine 
DL-Alanine DL-Threonine D-Arginine HC! 
DL-z-Amino-butyric acid DL-Tryptophan L-Arginine HC! 
D-Mlethionine L-Asparagine 
DL-Nlethionine By tat body ysteine HC] 
D-Norleucine L-Cystine 
DL-Norleucine DL-Homocystine D-Glutamic acid 
DL-Norvaline DL-Isoleucine L-Glutamic acid 
L-Leucine L-Glutamine 
Slowly oxidized DL-Proline Glycine 
DL-Histidine 
By fat body By Malpighian tubes L-Hydroxyproling 
L-Lysine HC] 
DL-Leucine D-Alanin« DL-Lysine HCI 
DL-Phenvlalanine DL-Alanine DL-Ornithine HC! 
D-Serin« DL-Leucine L-Proline 
D-Threonine DL-Norvaline L-Taurine 
DL-Phenylalanine L-Tryptophan 
By Malpighian tubes D-Serine L-Tyrosine 
D-Threonine 
DL-z-Amino-butvyric acid DL-Valine By tat body 
DL-Aspartic acid 
D-Nlethionine DL-Aspartic acid 
DL-Nlethionin DL-Valine 
D-Norleucine 
DL-Norleucine By Malpighian tubes 


DL-Homocystine 
DL-Tsoleucine 
L-Leucine 
DL-Prolin 


L-phenylalanine. ‘These results are in close agreement with those reported in 
Table 2 for D-amino acid oxidase. 

A slight deaminase activity was observed when the fat body of P. americana 
was incubated with L-leucine (Table 2), and doubtful results were obtained with 
the fat body of G. mellonella (Vable 3), indicating the possible action of a weak 
L-amino acid oxidase. Incubations with a few other L-amino acids as substrates 
gave very weak positive results, but these could not always be repeated. It is 


probable, however, that fat body contains a weak L-amino acid oxidase and that 


the activity of this enzyme was inhibited under the conditions of the experiments. 
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This enzyme in mammals is much less active and more easily denatured than the 
D-amino acid oxidase. Results by Kitpy and Nevitve (1957) indicated that the 
fat body of S. gregaria contained an active D-amino acid oxidase together with a 


less active L-amino acid oxidase. 


TaBLE 3——AMINO ACID OXIDASE ACTIVITY OF FAT BODY 
INSECT SPECIES 


AND MALPIGHIAN TUBES FROM THREE 


Wax moth German cockroach Milkweed bug 
larvae adults adults 


Substrate 
M. tubes F. body M. tubes 


D-Methionine 
DL-Methionine 
DL-Norleucine 


L-l MUCING 


When either the fat body or Malpighian tubes 
tion, or when toluene was added, the production 


F. body | M. tubes I body 


was homogenized before incuba- 
of x-keto acids was considerably 


decreased as compared to that obtained with im toto tissues or with incubates 


without toluene. ‘The presence of toluene in the 


incubates did not interfere with 


the DPH test. ‘Toluene is recommended as an antiseptic when studying enzymatic 


reactions, but it may have an unfavourable effect upon enzyme action (SUMNER 


and Somers. 1947). Incubations without toluene carried out with tissues other 


than fat body and Malpighian tubes always gave negative results, ruling out 


therefore the possibility of external contamination by micro-organisms responsible 
for the observed deaminase activity when fat body or Malpighian tubes were 
used. It is indeed very doubful whether external contamination could have 
produced any effect during the short incubation period used. However, the 


possibility that micro-organisms already present 


in the Malpighian tubes or the 


fat body were responsible for the production of «-keto acids cannot be ruled 
out. STervHaus (1947) gives a long list of bacteria (e.g. Bacillus sp., Micrococcus 
sp.) and protozoa (e.g. Ciliata, Sporozoa, Flagellates) normally found in the 


alimentary canal of P. americana. It is possible that many of these micro-organisms 
eventually find their way into the Malpighian tubes. The sporozoan Plistophora 
periplanetae for instance, although observed only in the alimentary tract of P. 


americana has been observed in the Malpighian tubes of other cockroaches such as 
B. germanica and B. orientalis. Intracellular symbionts exist in the fat body of 
P. americana (e.g. Gier, 1936) and B. germanica (Steinnaus, 1947). Whether 
the production of «-keto acids is due to an enzyme secreted by these intracellular 
symbionts or secreted by cells of the fat body does not change the end results. 
Intracellular symbionts are considered as a physiological part of the cockroach; 
they are apparently always present, being transmitted from one generation to the 


next through the egg. ‘The use of aposymbiotic 
1958) might throw some light on the above problem. 


roaches (RicHARDS and Brooks, 
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Abstract—A method for the quantitative analysis of xanthopterin, isoxanthopterin, 


and 2-amino-4-hydroxypteridine in the milkweed bug, Oncopeltus fasciatus (Dallas), 


is described. Changes in amounts of these pteridines during growth and development 


and starvation are given, and the relative amount of nitrogen excreted as pteridine and 


uric acid has been calculated. 


INTRODUCTION 
WE have reported (BarTeL, Hupson, and Craic, 1958) on the kinds of pteridines 
present in the milkweed bug, Oncopeltus fasciatus (Dallas), and their distribution 
within this insect. In order to study the metabolism of these substances further it 


was necessary to develop quantitative analytical methods for the pteridines. In 


this report we present these methods and a brief study of the pteridine content of 
the tissues of Oncopeltus during growth and development. 
There is no known quantitative chemical method of analysis specific for 


pteridines present in biological extracts. The obvious approach is to isolate the 


pteridines in as pure a form as possible followed by determination by physical 
methods. Isolation by both ion exchange and paper chromatography was inves- 
tigated. Paper chromatography gave adequate separations and was much faster. 
Because of the very high absorption of ultra-violet light by the pteridines, spectro- 
photometry seemed the method of choice. We found, however, that fluorescence 
is more sensitive and can be used with the pteridines im situ on the filter paper. 
The use of fluorescence makes complete isolation from most other substances 
unnecessary, since only those substances that interfere with pteridine fluorescence 
must be removed. The determination of the pteridines present in Oncopeltus by 
fluorescence of the spot on paper chromatograms is both qualitative and quantitative 
and permits several pteridines to be determined on the same chromatogram. 


* This work was supported in part by funds from the office of the Surgeon General, U.S. Army. 
+ Present address: Allergy Department, Kaiser Foundation Hospital, San Francisco, California. 
t Present address: Dept. of Biology, University of Houston, Houston, Texas. 
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METHODS 
Oncopeltus colonies were reared at 28°C on a diet of milkweed seeds and water. 
Synthetic pteridines used for comparative purposes and analytical standards are 
given in Table 1. 


TABLE 1—PHYSICAL DATA ON PTERIDINE STANDARDS USED FOR QUANTITATIVE ANALYSIS 


Spectrography in water 
Pteridine — 
A max. (my) | log ¢ (mol) max Source* 


ALBERT and Woop (1952) 


Xanthopterin (H,O) 


Isoxanthopterin ALBERT and Woop (1953) 


ov 


American Cyanamid Co. 
Res. Div. Lot 5167 


2-amino-4-hydroxypteridine 


— 


} 


* We gratefully acknowledge the gifts of these samples by A. ALBERT and by American (¢ yanamid 


Con par 


(1) Pteridines 


One-dimensional descending chromatography was used for the isolation of 
pteridines. ‘he most successful solvent systems used were n-butanol : acetic acid 
(7:3) and sec-butanol: formic acid: water (8:2:5), Chromatograms were dev eloped 
on } in. wide strips of Whatman No. 1 filter paper for 12-14 hr at room 
temperature. After chromatographic dev elopment the chromatograms were 
thoroughly air-dried at room temperature for 1-2 hr and placed in the scanning 
chamber of a fluorescence measuring apparatus, constructed in this laboratory.t 
This apparatus consists of: (a) the light source and monochromator of a Beckman 
DU Quartz Spectrophotometer, (b) a scanning chamber containing a drive 
mechanism for advancing the paper strip and appropriate filters for elimination of 
undesirable light, (c) a 1P28 photo multiplier tube and power supply for detection 
of the fluorescent light, (d) a high impedance D.C, amplifier for amplification of 
phototube current, and (e) a recording volt-ammeter the chart drive of which is 
coupled to the paper strip drive mechanism of the scanning chamber. 

After appropriate light filters and monochromator settings had been selected, 
the paper strip and chart drive mechanism was engaged and a recording taken of 
phototube current. Peaks of phototube current corresponded with peaks of 
fluorescence on the paper chromatograms (Fig. 3, a). The areas of these peaks 
above the current baseline (determined by inspection) were then measured with 
a planimeter. 

Incident light used for excitation of fluorescence was 283 mu light from the 
Beckman DU Quartz Spectrophotometer. Amounts of fluorescence were assumed 
to be directly proportional to areas of current peaks recorded by the recording 


* Available from Microchemical Specialties Company, 1834 L niversity Avenue, Berkeley. 
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volt-ammeter. Amounts of pteridines in samples were determined by comparison 
of amounts of fluorescence (i.e. areas of current peaks) with amounts of fluorescence 
caused by known quantities of synthetic pteridines. 

During the course of the work it was found that xanthopterin and isoxan- 
thopterin could not be completely separated by one dimensional chromatography 
with the solvent systems used. Since the fluorescent colours of these two compounds 
are different, it is possible to decrease the interference of one with the other by 


(SOX ANTHOPTERIN 
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TOTAL 


2- AMINO 4- HYDROXY -PTERIOINE 
02 03 os 
MICROGRAMS OF PTERIDINE 


Fic. 1 andard curves for analysis of pteridines. ‘Total fluorescence is given in terms of 
area under peaks of curves obtained by fluorescent scanning of chromatograms. 
(A) Chromatograms developed with sec-butanol : formic acid : water 


(B) Chromatograms developed with n-butanol : 5 N acetic acid. 


use of a suitable filter. ‘The most useful filter available was the Wratten K, gelatin 
filter. This filter passes approximately 70 per cent and 14 per cent of the emitted 
fluorescent light of xanthopterin and isoxanthopterin respectively. All determina- 
tions of xanthopterin were carried out using this filter, the recorded curve being 
smoothed by eye to correct for the remaining small hump due to isoxanthopterin 
fluorescence. 

Concentrated standard solutions containing known amounts of each synthetic 
pteridine were prepared in 0-1 N NaOH. These solutions were diluted with 
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0-1 N NaOH to give a series of dilutions for each pteridine. Aliquots of 3-0 ul 
were chromatographed in triplicate using appropriate chromatographic solvent 


FLUORESCENCE 


rc 


HEATING TIME IN 


Fic. 2. Effect of time of heating at 100° C in 0-1 N NaOH on measurable fluorescence of 


tes 


A, synthetic xanthopterin, B, hot water extracts of Oncopeltus 


annings of chromatograms of pteridines 
Synthetic isoxanthopterin 
Synthetic isoxanthopterin chromatographed after heating to 100°C in 0-1 N NaOH for 
} 

(c) Oncope ltus extract 
(d) Oncopeltus extract chromatographed after heating to 100 C in 0-1 N NaOH for 2 hr 
1. Doubl xanthopterin spot 
2. Xanthopterin 


systems. Values for each determination were averaged and values so obtained 


were used to construct standard curves (Fig. 1). 
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Materials to be analysed were homogenized and extracted 3 times in hot 
distilled water at 100°C. ‘The combined extracts were divided into 2 portions. One 
portion was used without further treatment for the analysis of isoxanthopterin and 
2-amino-4-hydroxypteridine by chromatography of 3-0 ul aliquots in the sec- 
butanol:formic acid solvent system followed by measurement of fluorescence. 
The remaining portion was made 0-1 N with respect to NaOH, sealed in a glass 
ampoule, heated for 1-2 hr at 100°C, and used for the analysis of xanthopterin 
after chromatography of 3-0 ul aliquots in the n-butanol: 5 N acetic acid solvent 
system followed by measurement of fluorescence. The hot alkaline treatment is 
necessary since maximum values of xanthopterin fluorescence were obtained 
after extracts had been heated for 1 hr in 0-1 N NaOH at 100°C (Fig. 2). The 


TABLE 2—RECOVERIES OF PTERIDINES ADDED TO HOT WATER EXTRACTS OF Oncopeltus 


T T 
| 


Pteridine Amount Amount Total Per cent 
added present (wg) added ( ug) recovered ( ug) recovery 


Xanthopterin to 377 5: 900 98 
extract of 262 781 
Oncopeltus 134 >: 651 96 
adults 377 629 91 

262 528 96 
134 401 93 


Average 


91 

92 

96 

94 

100 
Average 94-5 


Isoxanthopterin 
to extract of 
Oncopeltus 
adults 


— 
' 


2-amino-4-hy- ‘ 97 
droxypteridine 92 
to extract of OF 
midgut tissue Average 94°: 


alkaline treatment caused no significant decrease in the measurable fluorescence of 
synthetic xanthopterin samples but produced erratic results in the amounts of 
measurable isoxanthopterin fluorescence in homogenate extracts and in solutions 
of synthetic material. These erratic results were presumably due to the develop- 
ment of double spots on the chromatograms (Fig. 3). ‘The measurable fluorescence 
of 2-amino-4-hydroxypteridine in both the extracts and the synthetic samples 
showed a steady decrease when heated in 0-1 N NaOH solution. Apparently only 
xanthopterin is stable in hot 0-1 N NaOH solutions. Recoveries for the analysis 
of pteridines (see Table 2) averaged 94-95 per cent of pteridine added to hot 
water extracts of whole Oncopeltus or midgut tissue homogenates. 
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(2) Uric acid 


Uric acid was measured by ultra-violet densitometry according to the procedure 
of Barret (1954), see also (McDona.p, 1955). The technique involves chromato- 
graphy of materials containing uric acid, measurement of total ultra-violet light 
absorption by the uric acid spot, and comparison of this absorption with a series 
of uric acid standards chromatographed and measured in the same manner. 
Absorption of the uric acid spot was measured with the automatic scanning 


apparatus previously described. No filter was used. Wave length of light used was 


290 mu. Chromatography was performed using the m-butanol:5 N acetic acid 
system as in the analysis of pteridines. 


MATERIALS 

Oncopeltus eggs were collected at 24 hr intervals and held at 28°C. Separate 
analyses were made of eggs after development had proceeded for 0-1, 1-2, 3-4, 
and 4-5 days. At 4-5 days, 50-60 per cent of the eggs had hatched and this sample 
consisted of those eggs remaining after removal of hatched individuals. 

Larvae of the second through fifth instars and adults of both sexes were chosen 
at random from a colony of Oncopeltus reared at 28°C. 

The following tissues and body parts of adult Oncopeltus were extracted and 
analysed: heads, midguts, hindguts and Malpighian tubules, gonads, fat body, 
abdominal hypodermis, and thorax and included organs (with exception of gut 
and fat body). 

Midguts were analysed after starvation and subsequent feeding. A large sample 
of Oncopeltus adults were selected at random. This sample was separated into two 
parts and placed in similar 1 gallon, wide mouth jars containing similar water 
supplies and other materials. After a starvation period of 1 week the midgut 
tissues of a number of individuals from each colony were analysed. Fresh food 
material (milkweed seed) was added to one colony and the midguts of individuals 
in both colonies were analysed at intervals of 1, 2, 4, and 8 days. For each analysis, 
the midguts of 20-25 individuals were pooled, homogenized and extracted, and 
the pteridine content measured. 

For the collection of excrement, larvae and adults of Oncopeltus were kept for 
a period of 2 weeks in separate 1 gallon, wide mouthed jars. Excrement was 
collected at the end of this period by scraping deposits from the sides of the jars. 
Excrement samples were dried thoroughly over CaCl, under a pressure of 4 mm 
Hg for a period of 1 week. After grinding and thorough mixing, weighed amounts 
of the excrement were extracted in hot water and amounts of pteridine and uric 
acid were measured. 


RESULTS AND DISCUSSION 
The pteridines of Oncopeltus have previously been shown to consist of 2-amino- 
4-hydroxypteridine, isoxanthopterin, and xanthopterin (BarTeL ef al., 1958). 
Xanthopterin usually appears in chromatograms only after initial exposure of the 
materials to strong acid, base, or after prolonged heating. Xanthopterin in 
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Oncopeltus is apparently bound or combined with other substances in the natural 
state, or may appear after the breakdown of a more complex pteridine. The 
precursor of xanthopterin has been shown to have an R,~=( in three acidic 
chromatographic solvent systems (Barret ef al., 1958). All references to xantho- 
pterin refer to xanthopterin detectable after hot alkaline treatment. 


ZANTHOPTERIN 


MICROGRAM PER EGG 


SOC ANTHOPTE 


AGE OF EGGS IN DAYS 


Fic. 4. Changes in pteridine and uric acid content of Oncopeltus eggs during embryonic 


deve lopme nt 


The pteridine content of eggs is given in Fig. 4, and the data for larvae and 
adults are given in Fig. 5. The xanthopterin content of Oncopeltus eggs undergoes 
a significant increase during embryonic development. ‘This increase is logarithmic 
in nature. Increases in xanthopterin content are correlated with increases in the 
content of uric acid, although the correlation is not a 1:1 ratio. Increases in 


xanthopterin content are also accompanied by increases in the yellow fluorescent 
material, Zone B (R,—0-15 in sec-butanol: formic acid) and decreases in amounts 
of Zone G, a fluorescent substance presumed to be lumichrome (BarTet et al., 1958). 


Isoxanthopterin does not undergo significant increase during development of the 
egg. The apparent slight increase lies well within the range of experimental error. 
If the identification of lumichrome is valid, the present results are similar to 
those reported by Burcess (1949) for developing eggs of Melanoplus differentialis 
(Thos.). Total pteridine content increases during egg development and this increase 
is correlated with decreases in content of flavins (lumichrome). Although total 
pteridine content increases, this increase is due primarily to one compound, 
xanthopterin, whereas the remaining pteridine, isoxanthopterin, shows no signi- 
ficant changes. 
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The increase of only one pteridine during embryonic development is not 
continued in postembryonic stages. Increases in amounts of total xanthopterin 
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SOX ANTHOPTERIN 
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Fic. 5. Changes in pteridine content of Oncopeltus individuals during postembryonic 
development. 


and isoxanthopterin in individuals during postembryonic development are 
logarithmic, following Dyar’s rule, and ratios of xanthopterin to isoxanthopterin 
remain the same during the larvae and adult instars. 


Tissue levels of pteridines 


The ratio of xanthopterin to isoxanthopterin (Table 3) is approximately 

0-3 for all tissues and body parts of adults, except in the case of fat body and 
midgut. The unique localization of 2-amino-4-hydroxypteridine in the midgut, 
the predominance of isoxanthopterin over xanthopterin, and the changes occurring 
in pteridine and flavin levels during starvation and subsequent feeding (Table 4) 
should be considered in theorizing about synthetic sites for pteridines. It seems 
reasonable to assume that since pteridines are not detectable in the food materials 
of Oncopeltus, the synthesis of 2-amino-4-hydroxypteridine occurs during some 
phase of the digestive or absorptive process. Jsoxanthopterin could then be formed 
by oxidation of the 2-amino-4-hydroxypteridine as in Drosophila melanogaster 
Meig. (Forrest and MITcHeLL, 1955). 


2-0 


Possible synthetic pathways for the formation of xanthopterin or the xantho- 
pterin precursor are not indicated by the data presented. It is quite possible, 
however, that more work on pteridine metabolism in Oncopeltus embryos might 
help in solving this problem. 
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TABLE 3—PTERIDINE CONTENT OF TISSUES AND BODY PARTS OF ADULT Oncopeltus 


Micrograms per individual* Ratio 


‘Tissue 


Isoxantho- Xantho- | 2-amino-4-hydroxy- Xanthopterin 


pterin | pterin pteridine Jsoxanthopterin 


Abdominal 

hypodermis 9-15 18-2 -99 
Fat body 3-08 13-60 41 
Hindgut and 

Malpighian tubules 0-48 1-08 25 
Midgut and foregut 0-68T 0-16t 24 
Gonads 1-45 2 71 87 
Head 1:74 3-07 - ‘76 
Thorax 1-93 3-81 02 
Total 18-51 42-63 | 30 
* Adult Oncopeltus weigh about 0-04 g. 
+ Varies according to nutritional state of individuals. 


TABLE 4—EFFECT OF STARVATION AND SUBSEQUENT FEEDING ON 
PTERIDINE CONTENT OF Oncopeltus MIDGUT TISSUE 


Pteridine content 
micrograms/midgut Additional fluorescent 
— | materials R, 0°55 in 

Isoxantho- | 2-amino-4- | Xantho- sec-butanol : formic 

pterin | hydroxy- | _ pterin acid : water (flavin) 
pteridine 


Sample 


(1) a. 1 week starvation 0-03 0-03 0-05 none 
b. Control 1 week starva- 
tion 0-02 0-04 0-02 none 


. Fed 1 day O05 | 033 0-105 
. Control (continued 
starvation) 0-01 0-01 0-02 | none 


(3) a. Fed 2 days 0-08 0-56 0-10 
b. Control O-O15 0-035 O-O15 none 


(4) a. Fed 4 days 0-13 0-82 0-14 
b. Control (50°, mortality) | 0-01 0-01 0-01 none 


(5) a. Fed 8 days 0-12 0-49 0-11 
b. Control 


Excretion 

Early investigations of pteridine metabolism in insects suggested that certain 
pteridine-containing insects did not excrete pteridines (Becker, 1937). Later 
workers reported the excretion of pteridines by larvae of Bombyx mort (ARUGA et al. 
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1951). In the present work, there were no apparent differences in pteridine 
excretion by larvae and adults of Oncopeltus. Results indicate, however, that 
uric acid is the major nitrogenous excretory product of Oncopeltus, accounting for 
3-5-5 per cent (dry weight) of total faecal material (Table 5). Pteridines account 


TABLE 5—PTERIDINE AND URIC ACID CONTENT OF LARVAL 
AND ADULT EXCREMENT OF Oncopeltus 


Source Content of excrement mg/g Ratio 
of pteridine : 
excrement Xantho- /soxantho- Uric acid uric acid 


»terin 
I 


Larvae 1-17 0-82 31-9 0-063 
Adults 1-23 0-89 34-9 0-061 


for approximately 0-2 per cent of total faecal material. This amount of pteridine, 
although much less than the amount of uric acid excreted, is very high in com- 
parison with the amounts of pteridine reported in mammalian urine (FLOYSTRUP 
et al., 1949; Raven and Haier, 1950: Carrer and HorriGan, 1953). The 
xanthopterin is present in a bound form which may be similar to that present in 


the body. The finding is reminiscent of the labile xanthopterin precursor reported 
in human urine (KaLckar, 1949), 


SUMMARY 


(1) Measurement of total fluorescence of pteridine spots on paper chromato- 


grams permits quantitative estimation with an accuracy of 5 per cent on a 3-0 ml 
ug sample. Recov ery of added pteridine is about 95 per cent. 


(2) During embryonic life isoxanthopterin does not change, xanthopterin 
increases 10 fold from 0-05 ug p/egg, and uric acid increases about 3 fold from 
0-3 ug p/egg. 


(3) During postembryonic development the content of xanthopterin and 


isoxanthopterin increases logarithmically, the ratio remaining constant. 
(4) During starvation the amount of 2-amino-4-hydroxypteridine in the midgut 
is markedly reduced and returns to normal on subsequent feeding. There is a 


much smaller change in the amounts of xanthopterin and isoxanthopterin during 
starvation. 


(5) The fat body contains about 20 per cent of the total tsoxanthopterin and 
30 per cent of the xanthopterin found in the insect. Nearly 50 per cent of the 
pteridines are in the hypodermis. 


(6) 2-amino-4-hydroxypteridine is found only in the midgut, whereas the 
other pteridines are found in all body tissues. 


(7) The levels of isoxanthopterin and bound xanthopterin in the faeces of 
larval and adult Oncopeltus are the same. ‘Total pteridines account for about 
0-2 per cent and uric acid 3-0-5-5 per cent of the total faecal material. 
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INTERNATIONAL SYMPOSIUM ON ‘THE PROBLEMS OF 
ON TOGENETIC DEVELOPMENT OF INSECTS, WITH 
SPECIAL REFERENCE TO EXPERIMENTAL WORK 


On the occasion of the Second Czechoslovak Entomological Conference, arranged 
under the auspices of the Biological Section of the Czechoslovak Academy of 
Science and in collaboration with other institutions, an international symposium 
concerning the problems of ontogenetic development of insects with special 
reference to experimental work will be held in the first half of September 1959 


in Prague. 


\ll applications for attendance and for lectures should be sent to the Secre- 
tariat of the Symposium: Entomological Laboratory, Czechoslovak Academy of 
Science, 7 Vinicna, Prague 2, Czechoslovakia. Invitations with the preliminary 


programme will be sent in the first quarter of 1959. 
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PHYSIOLOGY OF DIAPAUSE IN THE ADULT 
COLORADO BEETLE 
(LEPTINOTARSA DECEMLINEATA SAY)—I 
THE PHOTOPERIOD AS A CONTROLLING FACTOR 


J. pe WILDE, C. S. DUINTJER, and L. MOOK 
Laboratory of Entomology, Agricultural University, Wageningen 


(Received 14 July 1958) 


Abstract—In a study of diapause in the adult Colorado beetle, the photoperiod has 
if I 

been used as a controlling factor. Details are given of the relation between the photo- 

period and the percentage of diapause. Temperature plays a minor role. The sensitive 


stage is the newly-emerged adult beetle, but treatment in the larval stage has some 


influence. Some effects on the ovaries are described. Elimination of the eye function 
does not remove the photoperiodic response. ‘The importance of the feeding rhythm 


in connexion with the photoperiod is discussed. 


INTRODUCTION 

Insect diapause has been studied most successfully at its onset and termination. 
Rapid advances have been made by the use of chilling as a diapause-breaking 
agent. Few attempts have been made to analyse diapause during its establishment. 
Although many papers deal with the ecology of diapause, factors like the photo- 
period have only rarely been applied in physiological studies. By varying this 
factor one can produce predictable numbers of insects of the desired physiological 
condition. Different physiological functions can now be correlated during the 
onset of diapause. “‘Conditioning’’ the experimental animals is also of great use in 
surgical experiments. These considerations have led us to study the causal factors 
governing the initiation of diapause in the Colorado beetle. In this insect, diapause 
takes place in the adult stage. This condition is not only characterized by arrest of 
odgenesis but also by adaptive behaviour changes difficult to define physio- 
logically (pe WiLpe, 1954). 

In a former paper (pe WiLpe, 1954) it was explained why in our opinion the 
condition of dormancy in the adult Colorado beetle should be called diapause, as 
proposed by Grison (1944). Since then Davey (1956) has obtained interesting 
data on a comparable case of dormancy in the sweet clover weevil, Sitona cylindri- 
collis Fahr. From these results it also appears that larval and adult diapauses are 


very much related. For reasons of simplicity, we therefore prefer to maintain the 


term diapause instead of using special terms like dormancy or “‘Ruhestadium”’ 
(Precut, 1954). This has in fact been done by Lees (1955) in his comprehensive 
review of the literature on insect diapause. In the older literature on the Colorado 
beetle (Tower, 1906; Brerrensecner, 1918; Fink, 1925; Koztovsky, 1937; 
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SWINGLE, 1941) several possible causes of diapause are mentioned. It is, however, 


obvious that these authors have overlooked the major effect of the photoperiod. 


This effect has been reported briefly by us on several occasions (DE WILDE, 1954, 
1955, 1956; see also Lees, 1955). It has been found independently by Jermy 
(1956) and by Goryscuin (1956). 


Effect of different photoperiods and temperatures 


In order to study the combined effect of several photoperiods and temperatures, 


use was made of three temperature-regulated containers placed parallel to each 
other, each divided into three light-tight compartments. Three pairs of 40 W 


NUMBERS OF ANIMALS ABOVE SOIL NUMBERS OF EGGS 
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Fic. 1. Diapause and oviposition in beetles reared ab ove under different photoperiods 


and temperatures. The curves denote the number of beetles present above soil as a function 


of adult emergence and diapaus« 


fluorescent tubes were placed crosswise above these compartments and isolated 
optically. Each pair was controlled by a switch-clock. In this way, the effect 
of nine combinations of temperature and photoperiod could be studied simul- 


taneously. Illumination did not raise the temperature in each container by more 


than 1°C. This error was accepted after preliminary experiments with water- 


cooled incandescent bulbs had shown that temperature had very little influence on 
the photoperiodic effect. 


In a first experiment, temperatures of 21°, 25°, and 28°C were used in com- 


bination with photoperiods of 10, 15, and 20 hr. ‘These and the following experi- 


ments were made with groups of 20-40 beetles fed with freshly-cut potato sprouts 


placed in water and changed daily. The intensity of illumination varied between 


250 and 1000 Lux. Larvae were reared ab ovo under these conditions and allowed 
to pupate in damp sand at the bottom of the containers. The adult beetles later 


on burrowed in the same soil to enter diapause. After emergence from the soil, the 


adults were counted daily as also were the eggs laid. The results are given in Fig. 1. 
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At 25°C and a 10 hr photoperiod, diapause begins 8-10 days after emergence. 
During this pre-diapause, marked changes occur in geotactic and phototactic 
behaviour (pe Witpe, 1954). No oviposition is observed. With photoperiods of 
15 and 20 hr this takes place, but only after a pre-oviposition period usually of 
longer duration than the pre-diapause period. The behaviour of the beetles at a 
15 hr photoperiod shows that in individual beetles oviposition may be followed by 
diapause. 

During this experiment (from fifteenth to twenty-fourth day) our supply of 
young leaves was suddenly cut down by potato blight. It was supplemented by 
senescent leaves from other sources. This accounts for the gap in oviposition 

DIAPAUSE 


sand 


$0 


16 18 C 22 


HOTOPER 
Fic. 2. Percentage of diapause in groups of beetles reared under different photoperiods 
it 25 
shown in the 20 hr group, and is in accord with the findings of Grison (1952). It 
probably had some influence on the rate of diapause. 

It was of interest to study the effect of temperatures below 21°C. As shown in 
an earlier paper (DE WiLDe, 1950), larvae can hardly be grown at 17°C. We therefore 
started with third stage larvae previously bred at 25°C. At 17°C, starting with 
50-60 larvae, we obtained after 5 weeks 10-15 adults, which were subsequently 
kept under observation for 40 days. The results clearly demonstrated that ovi- 
position was not suppressed by the low temperature. With a photoperiod of 20 hr 
at least 50 per cent of the beetles remained active and reproduced. 

It follows from these observations that even a supra-optimal temperature 
(28°C) does not interfere with the “short day” effect. The effect of “long day” is 
not markedly changed by suboptimal temperatures (17°C). In short, temperature 
appears to play a minor role. Further experiments with permanent light and 
darkness and photoperiods of 16 and 18 hr were therefore made at 25°C. The 
results are shown in Fig. 2. While under permanent illumination, 50 per cent of 
the beetles enter into diapause. The effect of permanent darkness on diapause 
behaviour is equal to that of a 10 hr photoperiod. Generally, however, beetles 
reared ah ovo in constant darkness show some oviposition during the prediapause 
stage. 
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It may be stressed here that we never succeeded in obtaining generations with 
100 per cent active beetles. Always at least 20-30 per cent entered into diapause. 
On the other hand, photoperiods of 10 hr or less always resulted in 100 per cent 
diapause. ‘The question thus arises whether this is due to an inherited photo- 
period independence of diapause present in 20-30 per cent of the population, or 
whether the exact optimal conditions for diapause-free development have not been 
found. We intend to study this point in further experiments. 
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Fic. 3. Diapause and oviposition in groups of beetles treated differently as larvae and 
} I I 


adults. The conditions under which the adult is reared are decisive. Only the descending 


part of the curves is shown 


The sensitive stage 

‘To study the effect of larval and adult treatment on the diapause percentage, 
larvae were reared at a 10 hr photoperiod, the adults being subsequently kept at 
20 hr. Also the inverse was done (Fig. 4). Furthermore, larvae were reared under 
10 and 20 hr photoperiods, the adults being kept in constant darkness (Fig. 5). 
The effect of permanent darkness can be described as a “mild short-day effect” 
and the behaviour of the adults kept under these conditions is strongly influenced 
by larval treatment. 

As is shown in the diagram, the behaviour of the adult beetles kept under a 
10 hr or 20 hr photoperiod is mainly influenced by the treatment of the adult 
beetle. Reproductive activity is effected by larval treatment only if the female 
adult is kept in constant darkness. ‘This suggests that the activity of the ovaries in 
the adult beetle is partly determined by the photoperiod at which the larva is kept. 
This was further elucidated by studying the excised ovaries of the beetles which 


had entered into diapause under “short day”’ conditions, but had been reared as a 
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larvae under “‘long day” conditions (20 hr). The ovaries of such beetles invariably 
contained ova in different stages of vitellinization. In contrast, beetles grown up 
ab ovo under “short day” conditions entered into diapause with a completely in- 
active vitellarium. 

It may be concluded from these observations that there is a cumulative effect 
of larval and adult treatment on the female reproductive system. As regards 
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Fic. 4. Influence of constant darkness applied to the adult when larvae are treated 
differently. 
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Fic. 5. Rate of oviposition in two groups of post-diapause beetles reared under 10 and 
18 hr photoperiods at 25°C, showing that the beetle, immediately after break of diapause, 
is insensitive to the photoperiod. 


diapause behaviour, the treatment of the young adult beetle is decisive. We 
subsequently studied the photoperiod sensitivity of newly emerged “nost-diapause”’ 
beetles. Ecologically, this is of importance because in a large part of its geographic 
area the beetle may end its diapause under “short day” conditions. 

Figure 5 shows the result of an experiment in which the oviposition of two 
groups of 10 post-diapause females was compared, reared respectively under 10 
and 18 hr photoperiods. The rate of oviposition was the same, and none of the 
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beetles re-entered into diapause. ‘Though this proves that the beetle immediately 
after break of diapause is insensitive to the photoperiod, this should not be extended 
to the remaining part of adult life. In single cases beetles may hibernate a second 
time; in rearing experiments in outdoor-cages we have found that this may occur 
in August as soon as “short day” conditions prevail. It thus remains possible that 
later in the season the beetles show a renewed photoperiod sensitivity. 


Reversibility of the photoperiodic effect 

In several experiments we have exposed beetles which had gone into diapause 
to “long day” illumination. These beetles had been reared under “short day” 
conditions and were placed daily on soil to observe the beginning of diapause 
behaviour. Beetles exposed to “long day” immediately after they showed the 
first burrowing responses but could still feed (pe Wipe, 1953) could in several 
cases be reversed to reproductive activity. ‘Three or four days later, however, this 
was no longer possible. Normally beetles going into diapause will hide themselves 
in soil or other suitable substrates and thus avoid the influence of light. Ovi- 
positing young beetles may at any time be reversed to the diapause condition by 
applying “short day” illumination. Beetles thus treated at 25°C will stop ovi- 
position and within 3—5 weeks enter into diapause. 


Photoperiod and ovarian activity 

The ovarioles of Leptinotarsa are of the telotrophic type. Primary oédcytes are 
present in full numbers at the time of the adult moult, and occur throughout the 
cylindrical germarium. Nutritive cells are inconspicuous, and their cytoplasmic 
connexions with the odcytes after being released, though easily detectable in other 
insects, have not been found by us by the use of the Heidenhain technique nor by 
Masson’s trichrome stain. Clearly the yolk supply of the odcyte is soon effected by 
the egg follicle formed by the vitellarium. 

Follicle formation only occurs in beetles reared under “long day” conditions, 
and this is true for both the diapausing and ovipositing fraction. In this case, the 
vitellarium soon shows a series of 4 or 5 ova in successive stages of completion 
(Fig. 6). In the diapausing fraction of a “long day” population, and also in beetles 
subsequently transferred to ‘“‘short day” conditions, the egg follicle soon disin- 
tegrates (Fig. 7). Part of its cells change their function and take part in ovisorp- 
tion. The yolk soon breaks into globules and gradually disappears leaving an 


orange-coloured crystalline mass most probably containing part of the $-carotene 
present in the yolk. In beetles reared under “short day” conditions follicles are 


rarely found. In some cases we have been able to detect odcytes in an early stage of 
yolk supply in the vitellarium of beetles thus treated. ‘This suggests that ovulation 
may occur under conditions inhibiting follicle formation. 


Perception of the photoperiod 
The effect of constant darkness was described above as a ‘‘weak short day 
effect’. Starting from this observation, we blinded a series of beetles directly 
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Fig. 6 Fig. 7 Fig. 8 


Section of an ovariole with three primary odcytes in successive stages of yolk 
deposition. Heidenhain’s hematoxylin. 


Nearly complete egg enveloped in a follicle of well-orientated cubic epithelium. 
Beetle reared under “long day"’ conditions. 


8. Ovisorption by the disintegrating egg follicle from a beetle reared under “short 


day” conditions. Note the pycnotic nuclei and the irregular shape of the former odcyte. 
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after the pupal-adult ecdysis. Blinding was done under CO, following two methods: 
(a) The eyes were cauterized by means of high-frequency alternating current. 
We used a commercial apparatus (Elter apparaat) for surgical use, with an output of 
0-2 W at a frequency of 100 M Herz. A stainless steel microneedle was used as the 
active electrode. (b) The eyes were covered by black paint made from nailpolish 
mixed with carbon black. In both cases the result was controlled by following the 
phototactic behaviour of the beetles when placed in a dark room in a horizontal 
beam of light. Young beetles are characterized by a strong positive phototaxis. 


ACTIVE BEETLES 
EGGS 39) 
pe 


20} 


30 DAYS 


Fic. 9. Result of experiments with blinded (L) and normal beetles, with different 
larval and adult treatments. The number of beetles above soil from the beginning of adult 
emergence is shown. The eyes were covered immediately after the beetles emerged from 
the soil. 


Controls were made every two days. “Positive” beetles were excluded from further 
observation (cauterized series) or repainted (‘‘painted”’ series). 

After careful cauterization, the eye function never recovered but mortality was 
considerable. This mortality occurred gradually and even went on after 2-3 
weeks. We will therefore only mention here the results of the experiments with 
“painted” beetles. The surviving fraction of the cauterized beetles behaved 
substantially the same. In Fig. 9 the results are given of an experiment in which 
two groups of beetles obtained from larvae reared under 10 and 20 hr respectively 
were treated in different ways: (a) adults reared under 10 and 20 hr photoperiods; 
(b) adults blinded and subsequently reared under 10 and 20 hr photoperiods; 
and (c) adults kept in constant darkness. 

It is clear that the effect of blinding differs from that of constant darkness. 
It also appears that blinding has no influence on the photoperiodic effect. 
Although these experiments demonstrate that the photoperiod can have an effect 
even when the eyes are excluded, they certainly do not prove that the eyes normally 
do not take part in the perception of the photoperiod. 
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Interaction between feeding and photoperiod 


An experiment originally designed for studying the site of perception of the 


photoperiod led us to the importance of feeding for the photoperiodic effect. 


The principle was to supplement a basic 10 hr photoperiod in a group of beetles 


by 10 hr illumination of the abdomen only and, in a second group, of head and 


prothorax only. This was done by fixing the beetles during the supplementary 


period between the prothorax and the elytra in a black rubber membrane stretched 


over a blackened glass tube. During this period group A had the abdomen inside 


and group B outside the tube. Group C was only kept starving during the 


supplementary 10 hr period in a clear glass tube and served as a control. During a 


dark period of 4 hr and the following “‘basic” illumination of 10 hr all three groups 


of beetles were let free on foliage in an insectary. During “fixation” the beetles 


could not feed. The experiments were made with 30 newly emerged beetles and 


lasted 21 days. It was hoped to observe that either group A or B would behave as 


“short day’’-beetles, the other groups as “long day’’-beetles. To our surprise the 


following result was obtained: 


1 


TABLI 


No. surviving In diapause Active 
| 
d / / U0 
B 7 7 0 
C 8 


We subsequently made a series of experiments in which groups of 20 beetles 


(10 22+-10 33) were subjected to different photoperiods combined with different 


DIAP/EGGS 
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Fic. 10, Result of the experiments with groups of beetles subjected to different photo- 
periods combined with different “feeding periods”. 
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“feeding periods”. During the period of inanition, the beetles were kept in glass 
boxes on moist filter paper. After this, they were placed on potato sprouts in small 
insectaries. All experiments were made at 25°C. The results are given in Fig. 10. 
Although it is difficult to explain the incidence of diapause in each case, it is clear 
that the effect of the photoperiod, described in the preceding paragraphs, is only 
shown by beetles with a constant food supply. The experiments also suggest that 
if light and food coincide for 10 hr per day or less, reproduction diminishes and the 
percentage of diapause is increased. 


DISCUSSION 

Like most insects studied, the Colorado beetle belongs to the “‘long day” type. 
The curve representing the diapause percentage at different photoperiods has its 
transition point at 15 hr. It must be stressed here that we have only studied 
beetles of Dutch origin. A recent study of DaNnitievsky (1957) shows that the 
transition point may depend strongly upon the geographic latitude at which an 
insect naturally occurs. 

As the Colorado beetle has been imported in Europe as recently as 1918, the 
formation of geographic races may still be in its beginning. In this connexion it 
may be mentioned that the data obtained by Jermy (1956) with beetles of 
Hungarian origin are in full accord with ours. Though he only applied photo- 
periods of 14 and 17 hr, the transition point seems to be in between these values. 
In the Russian material studied by Goryscutn (1956) it is perhaps slightly higher 
(near 16 hr), but the significance is doubtful. It is remarkable that temperature 
has little influence on the photoperiodic effect, at least within the range studied. 
Also in other respects temperature relations of diapause in the Colorado beetle 
are different from many other insects. We may refer here to the fact that low 
temperature treatment is ineffective in breaking diapause (pe WiLpe, 1954). This 


is possibly connected with the subtropical origin of the genus Leptinotarsa, which 
has only recently spread to northern regions (Tower, 1906). 


Ovisorption as a consequence of short photoperiods explains the fact that many 
hibernating females contain ova in different stages of degeneration. Apparently 
the process of yolk supply is primarily effected. This points to the role of the 
corpora allata, of which we have also found other evidence (pe WiLpe, 1954, 1955). 
We will treat this point in a following paper. 

The importance of food as a controlling factor of diapause in Leptinotarsa has 
been mentioned before by FaBer (1949), who states that in newly emerged beetles 
diapause may be induced by starvation. In addition, we have found that diapause 
is induced if food is withheld for 10 hr per day, even under permanent light or 
long-day conditions. The question arises as to whether the photoperiod merely 
acts by determining the feeding rhythm. We have evidence that this simple 
explanation does not hold. BoncGa (1956) in our laboratory followed the feeding 
behaviour of individual beetles under photoperiods of 10 and 18 hr with 2 hr 
intervals during the complete 24 hr cycle. Food intake was determined by 
measuring the leaf surface eaten. As a rule, food consumption suddenly decreased 
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after the beginning of the dark period, but after 2-4 hr started again and often 
surpassed the rate found in daytime. Also, from the data given by Grison (1950) 
it is clear that at temperatures of 25°C and above, nocturnal food consumption 
as a rule exceeds the diurnal values. 

In the light of the experiments of Harker (1956) and the observation of 
GrIson (1943) it is probable that the photoperiod establishes an internal rhythm 
of activity. The hypothesis seems attractive that this activity only leads to 
reproduction if the food contains one or more substances present in young potato 
leaves. In this connexion we may also refer to the observation of JERMy (1956) who, 
working with intermediate photoperiods, found an increased percentage of diapause 
when senescent leaves were eaten. 
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Abstract— Conversion efficiencies of organic nitrogen to live weight have been deter- 

ined for the silverfish, Ctenolepisma lineata. These efficiencies vary from 0-014 to 
0-13 mg N mg live weight between animals and vary similarly within the same animal 
depending on the diet. The rate of weight gain by animals feeding on a complete diet 
ranged from 0-25 to 0-67 mg live weight per week. The silverfish can also live for 
extended periods on a diet of cellulose alone but requires a source of organic nitrogen 
for growth and other vital processes. Conservation of nitrogen seems to be accom- 


hed 


hed by an inherent low turnover of tissue nitrogen when the animal is metabolizing 


Is 
carbohydrates. C. lineata may lose f Ss 20 lt | re 
lrates. iose trom to 2U per cent of its total body nitrogen 
before expiring 


INTRODUCTION 

Ir was shown in an earlier study (Lasker and Giese, 1956) that the silverfish 
Ctenolepisma lineata can digest and efficiently utilize the carbohydrates (cellulose 
and starch) in its diet, but no information is as yet available on this insect’s ability 
to make use of the organic nitrogen in its diet. This is of interest since the food of 
the silverfish (e.g. paper) is often low in organic nitrogenous materials. ‘This paper 
presents quantitative information on the utilization and excretion of organic 
nitrogen by C. lineata. 


EXPERIMENTAL METHODS 

The methods for keeping silverfish in the laboratory have been described (LASKER and 
Gigsk, 1956). Silverfish are cannibalistic when on a restricted diet, and for this reason they 
were kept individually in glass vials with food provided as cellulose alone (Whatman No. 43 
filter paper) or as a rolled oat grain which had been soaked previously in a solution contain- 
ing 0-5 per cent yeast extract and 0-02 per cent liver extract concentrate (dipped oat). Oat 
grains and cellulose strips were dried in an oven at 70C before being fed to silverfish. 
Adult animals used in feeding experiments were selected at random. Each of these animals 
weighed between 15 and 25 mg live weight. Water content of silverfish is approximately 
70 per cent. 

The animals, their faeces and the food remaining were usually weighed at two-week 
intervals. Weighing was done on a semi-micro balance sensitive to 0-01 mg. Faeces were 
not ingested by silverfish at any time, even when no other food was available. Organic 
nitrogen was analysed by the micro-Kjeldahl technique using a Kirk distillation apparatus 
(Kirk, 1936). A weighed sample of each oat grain used as food for silverfish was analysed 
for total organic nitrogen. 


* U.S. Public Health Service Research Fellow. Present address: U.S. Fish and Wildlife 
Service, Scripps Institution of Oceanography, La Jolla, California. 
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DIPPED OAT AS A COMPLETE DIET 
Gain in weight, egg laying, and successive moulting were chosen as criteria 
for the selection of dipped oat as an adequate diet. On a diet of dipped oat newly 
hatched larvae moult, develop pigmented scales, and grow successfully even under 
bacteria-free conditions (LASKER and Guesr, 1956). The data in Table 1 show that 


TABLE 1—INCREASE IN LIVE WEIGHT BY ADULT SILVERFISH FED DIPPED OAT 
(All weights are given in milligrams) 


Initial Final Gain in Time Rate of gain 
weight weight weight interval in weight 


(weeks) (mg/ week) 
20 6 | 0-67 
11 14 0-46 
5-79 14 0-52 
14 (0-42 
19-22 12 0-25 
31-00 14 0-35 
26-90 8 0-58 


27:09 14 0-43 


Averages 5: 12 0-46 


in periods between moults adult silverfish also gain weight on this diet. Moulting 
usually occurred between 8 and 14 weeks. The average gain in weight was 0-46 mg 
per week or a total of 5-44 mg per average 12 week period. In an experiment 
comparing two groups of 10 animals each, the control group fed only cellulose, the 
other dipped oat, only one animal was alive in the control group at the end of 14 
weeks, while all but one were alive in the oat-fed group after this period of time. 
In the cellulose-fed group most of the deaths occurred before eight weeks had 
elapsed. ‘Thus, under the conditions tested, cellulose alone is an inadequate diet. 


CONVERSION EFFICIENCY OF INGESTED NITROGEN TO LIVE WEIGHT 

Table 2 presents data on the relation of assimilated organic nitrogen to gain in 
weight. From the data it appears that an actively feeding silverfish requires about 
0-06 mg nitrogen to gain 1 mg of live weight. However, variations exist between 
different animals and within the same animal, depending upon the diet. For 
example, one silverfish (no. 6, Table 2) starved for nitrogen, when fed oat, soon 
converted most of the oat nitrogen into its tissues. Thus an average of only 0-03 
mg nitrogen was required to produce each milligram of live weight for several 
weeks after commencement of feeding. This high efficiency was not maintained 
and at the end of several more weeks 0-13 mg nitrogen was needed by the same 
animal to produce each milligram of added live weight. Animal no. 7 (Table 2), 
also starved for nitrogen, showed a similar change. 
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‘The percentage of ingested nitrogen assimilated by the animals is also given in 
Table 2. The average of these figures for a number of animals is 47 per cent. 


‘TABLE 2—NITROGEN ASSIMILATION AND GAIN IN WEIGHT BY ADULT SILVERFISH 
FED DIPPED OAT 


(All weights are given in milligrams) 


| mg N required | Per cent of 
Gain in| Nitrogen | Nitrogen Nitrogen | for gain of 1 mg consumed N 
weight | consumed | excreted assimilated live weight assimilated 


3-96 0-348 | 60-224 | 0-124 0-031 
0-933 0-530 0-403 0-063 
1-06 0-572 0-490 0-068 
1:07 0-658 0-410 0-070 
0-522 0-185 0-337 0-110 
0-388 0-210 0-178 0-030 
0-724 0-394 0-330 0-130 
0-192 0-077 0-115 0-014 
0-453 | 0-353 0-100 0-037 
0-685 0-277 0-407 0-067 


Wie 


Nos. 6a and 7a indicate animals fed dipped oat after a 12-week diet of cellulose. 
Nos. 6b and 7b indicate the same animals after feeding on dipped oat for several weeks. 


Two animals which were studied after they fed on cellulose showed interesting 
variations in this percentage (nos. 6 and 7, Table 2). Animal no. 6 assimilated the 
same percentage of nitrogen throughout (46 per cent) while no. 7 dropped from 


60 per cent assimilation to 22 per cent (average 41 per cent). 


20 
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Fic. 1. Food consumption and faecal production of a silverfish. 


Several animals fed exclusively on cellulose for 13 weeks were then fed dipped 
oat. Organic nitrogen intake and excretion was followed over the entire experi- 
mental period (22 weeks). Fig. 1 shows the faecal production, cellulose, and oat 
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intake, and Fig. 2 shows the weight changes of the same animal over the 22 weeks. 
Although feeding on cellulose was continuous and finally amounted to 12 mg 
ingested, no sizeable increase in weight was made. Dipped oat was added to the 
diet toward the latter part of the cellulose feeding period when the animal appeared 
to be losing weight rapidly. ‘The animal preferentially ate the oat and neglected 
the cellulose. Within a few weeks a substantial weight gain was made after which 


30 


o @ 


mg wet weight 


Fic. 2. Weight changes of a silverfish on a diet of cellulose, then oat. 


the animal moulted. ‘The exuviae were promptly eaten. During the period of cellu- 
lose feeding, faeces production was slight. When oat was eaten, a great increase in 
faeces (hence excreted nitrogen) was evident. It appears that the silverfish does not 
excrete nitrogen to any great extent when eating a digestible carbohydrate like 
cellulose. When fed a rich nitrogen source they excrete more faecal material and 


more nitrogen, presumably due to more undigested food and increased nitrogen 
metabolism. ‘The ratio, weight of nitrogen/weight of faeces, is about the same with 
both diets; 0-081-0-129 mg N/mg faeces by eight cellulose-fed animals and 
()-079-0-138 mg N/mg faeces by eleven oat-fed animals). 


NITROGEN BALANCE OF SILVERFISH ON A COMPLETE DIET 

Nitrogen intake and excretion by a number of silverfish was followed for 
three months. After this time each animal, its faeces and the remaining food were 
analysed for total nitrogen. In this, as in all of the experiments reported here, it 
was assumed that nitrogen fixation does not occur in the silverfish. This would 
seem to be borne out by the generally poorer condition that a silverfish reaches 
when feeding chiefly on a carbohydrate diet. From the values obtained it was 
possible to calculate nitrogen intake and excretion for each animal. The data are 
summarized in ‘lable 3. 

In view of the success of ZABINsKI (1929) in rearing cockroaches on a diet of 
glycine, a similar attempt was made with silverfish. One group of animals was fed 
dry filter paper previously soaked in 0-1 per cent glycine solution. Analyses were 
made of nitrogen ingested, excreted and total body nitrogen after the experiment. 

The oat-fed group in all cases showed a positive nitrogen balance with an 
incorporation of nitrogen equal to about half the quantity ingested. Moulting 
intervened in most cases, and in every instance except those indicated in Table 3 
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exuviae were eaten by the animal so returning any lost nitrogen to it. It would 


seem that the exuviae were preferred food because an animal would usually eat 


them in preference to the dipped oat which was available at the same time. Should 


the exuviae be lost to the animal, the loss in nitrogen is about 7-8 per cent of the 


total nitrogen in the animal. Linpsay (1940) reported a nitrogen loss of 6 per cent 


for the exuviae of C. longicaudata, a related species. 


The animals fed cellulose-glycine fared poorly, and at the end of eight weeks 


all but two of these animals had died. 


‘TABLE 3—NITROGEN BALANCE OF ADULT SILVERFISH FED A COMPLETE DIET 


(All weights are given in milligrams) 


Initial | Final | Lost 


| Time 
No Animal Animal Ingested | Excreted | moult Gain in | (weeks) 
N N N N N : 
| 0-462 0-600 0-408 0-224 0-046 | 0-138 6 
? 0-406 0-946 0-530 | 0-416 14 
3 0-863 0-976 0-705 0-592 O-113 14 
4 0-224 0-714 106 | Os71 | | 0490 | 14 
5 0-350 0-760 1:07 0658 | 0-410 14 
6 0-233 0-630 0-582 O-185 0-397 | 14 c 
7 0-189 | 0-909 1-10 0-381 | 0-720 | 14 
8 0-451 0-687 0-520 0-175 | 0061 | 0-284 | 10 


4—NITROGEN LOSS BY ADULT SILVERFISH ON A 
NITROGEN-FREE DIET 


TABL! 


(All weights are given in milligrams) 


Original Original Final loss of 
No live wt Animal N | Faeces N nitrogen 


25-62 0-600 | 0-093 
15°67 0-431 O-OR5 19-8 
17°51 0-511 0-039 
21-20 0-483 0-042 9-5 
25-38 0-733 0-107 | 146 
23-51 0-580 0-090 15-5 
19-58 0-642 0-102 15-7 
21-05 0-527 0-070 13-1 
19-34 0-613 0-058 9-4 
20-15 0-537 0-094 17-3 


x 


Average 


TOTAL NITROGEN LOSS BY SILVERFISH ON A CELLULOSE DIET 


Animals fed only cellulose can lose a considerable amount of body nitrogen 


before expiring. ‘Table 4 gives percentage figures of the total loss of nitrogen by a 


number of animals fed exclusively on cellulose for several weeks. ‘These animals 


averaged almost a 14 per cent loss in total body nitrogen before death occurred. 
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DISCUSSION 
The experiments described above show that the usually high carbohydrate 


diet of the silverfish C. lineata must be accompanied by sources of digestible 


nitrogenous material for growth and other essential metabolic activities. This 
agrees with the study of Larpacn (1952) who concluded that Lepisma saccharina, 
another species of silverfish, must have carbohydrate, protein, and fat in its diet for 
normal growth and development. However, C. /ineata can survive for a con- 


siderable period of time on a diet low in, or devoid of utilizable organic nitrogen. 
Similarly, Cook and Scott (1933) found that termites can exist for considerable 
periods on pure cellulose. However, for growth they too must have a source of 
organic nitrogen in the diet. 

The low quantity of nitrogen required to produce a gain in live weight indicates 
a high conversion efficiency by the silverfish, particularly after a prolonged diet of 
cellulose. The reduced production of faecal material by silverfish on a carbohy- 
drate diet appears to be a combined result of almost complete metabolic utilization 
of the carbon source (cellulose) and a slow turnover of tissue protein nitrogen; 
hence an inherent conservation of nitrogen. 

The tolerance of silverfish to long periods of nitrogen-lack is not exceptional. 
Cockroaches can maintain their body weight for many months on a nitrogen-free 
diet and can be reared on a diet of glycine alone, indicating an elaborate synthetic 
ability (ZABINSKI, 1929). 

The high efficiency with which the silverfish can digest and metabolize cellulose 


(see digestibility coefficients, LAsKer and Giese, 1956), coupled with its low require- 


ment of organic nitrogen for maintenance and growth, may have adaptive signi- 


ficance. In an environment where cellulose is a predominant substance and where 


organic nitrogen is limiting, silverfish can compete successfully against forms 


which are incapable of surviving on a diet of cellulose and low nitrogen. ‘The 


silverfish has achieved a unique niche by virtue of its ability to utilize cellulose, to 


survive for long periods of time without organic nitrogen in the diet, and to utilize 


with high efficiency the organic nitrogen which is available to it. 


The author is indebted to Dr. Artuur C. Griese for his suggestions, 
advice and help during this study 
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Abstract—Apterous virginoparae from long-established parthenogenetic clones of 
Wegoura are capable of producing three types of daughters (winged and wingless 
virginoparae and sexual oviparae) in addition to males. This polymorphism is 
regulated by the environment which, by acting through a series of maternal “‘switch”’ 
mechanisms, directs the growing odcytes and embryos into different developmental 
patl ways. 

Although there is little reason to doubt that sex is determined genetically (presum- 
ably at the odcyte stage), the sex ratio of the progeny is also under physiological control. 
In certain environments, notably at high or low temperatures (although not in long 
photoperiods), male production is inhibited. But even under the most favourable 
conditions males are relatively scarce and are born predominantly in the middle of 
the reproductive life of the parent. 

The later differentiation of part-grown female embryos is also governed environ- 
mentally. Long photoperiods and high temperatures induce them to become virgino- 
parae, the reverse conditions, oviparae. The action of photoperiods of intermediate 
or “‘critical’’ length is particularly instructive as providing evidence of the maternal, 
and perhaps humoral, control of these forms. Their differentiation begins when the 
parent is still in the early larval instars and is completed in the adult stage. The pro- 
gression of determination can be explained in terms of the competence of embryos in 
different stages of growth to respond to alternative maternal stimuli. 


INTRODUCTION 
It has long been known that in many aphids the appearance in autumn of the 
sexual forms is determined by the environment, length of day and temperature 
being of particular significance. This was first appreciated by Marcovitcu (1924) 
whose work on Aphis forbesi was later extended to other aphids without host 
alternation (““monoecy’’) such as Aphis chloris (WILSON, 1938), Brevicoryne 
brassicae (BONNEMAISON, 1951) and Acrythosiphon pisum (IKENTEN, 1955), as well 
as to several species with host alternation (“‘heteroecy’’) like Aphis fabae (DAvipsoNn, 
1929; pe Fiurrer, 1950) and Myzus persicae (BONNEMAISON, 1951). The extensive 
researches of SHuLL (1928, 1929) on the heteroecious species Macrosiphum 
solanifolu (= M. euphorbiae) have not been fully integrated with subsequent work, 
perhaps because he laid especial emphasis on the role of these agencies in “wing 
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determination”. Yet he, also, made it clear that the production of these same 
winged forms was a prelude to the appearance of the sexual females in the succeed- 
ing generation (SHULL, 1930). 


Fic. 1. Megoura viciae Buckton. (a) apterous virginopara; (b) alate virginopara; (c) ovipara; 
(d) male. 
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The present work on the physiology of aphid form determination has been 
undertaken with the object of gaining further insight into the mode of action of the 
environment. With this end in view, particular attention has been paid to the 
provision of accurately controlled conditions. ‘The examination of the reproductive 
capacities of individual aphids has also been an essential feature of this study, for 
reasons which appear below. 

The vetch aphid Megoura viciae is monoecious, the normal hosts being 
perennial legumes of the genera Lathyrus and Vicia. ‘The forms mentioned in the 
present context are illustrated in Fig. 1. ‘They are (a) the apterous virginoparae 
wingless viviparous parthenogenetic females; (b) the alate virginoparae—winged 
parthenogenetic females; (c) the oviparae—apterous egg-laying females and 
(d) the winged males. ‘The two latter are the sexual forms. The fifth distinct form, 
the fundatrix, and her immediate descendents (the so-called fundatrigeniae) do 
not enter into the present enquiry. Here we consider the types of offspring produced 
when wingless virginoparous parents from a long-established parthenogenetic stock 
are acted upon by varying conditions of photoperiod, temperature, and nutrition. 


METHODS AND MATERIAL 

The aphids were grown on germinating broad beans (Vicia faba) under lamp 
glasses, as described by KenteNn (1955). ‘Two points are noteworthy on the 
technique of rearing. Since preliminary experiments indicated that the control of 
form is exercised through the maternal physiology, much information would have 
been lost if the parent virginoparae had been reared as a group. It would then 
have been impossible to separate their respective “families”. ‘This difficulty was 
therefore avoided by isolating each parent during the reproductive period. It 
follows also that the usual practice of expressing the incidence of each form in 
terms of the pooled offspring of many parents is inadequate. What is required is a 
knowledge of the proportion of parents that respond in a particular way. In the 
present paper the performance of the parent aphids has generally been classified 
according to whether they gave birth to virginoparae only, oviparae only, or 
whether they yielded mixed families of virginoparae and oviparae. ‘The reasons 
for adopting these categories will appear in due course. 

Megoura very readily produces alate virginoparae under “‘crowded”’ conditions. 
Since this response is highly variable, there is always some danger of making 
spurious correlations with other factors unless the production of this form can be 
suppressed. ‘This was accomplished (except under certain low temperature condi- 
tions) by limiting the numbers of larvae developing on a single plant to about 20. 

The rearing method was therefore as follows. ‘Two or three young apterous 
virginoparae from the stock culture were placed on a germinating bean and were 
allowed to deposit 20 or so offspring overnight under the conditions of the experi- 
ment. ‘These individuals (the grandparents) were then removed. After the 20 
larvae had become adult they were transferred to separate plants. In order to 
study the reproductive sequence, each of these parents was moved to a fresh bean 
plant after about 20 offspring had been born. Since, under these favourable 
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circumstances, a Megoura aptera gives birth to about 100 young, five successive 
batches of offspring could usually be collected. The classification of the progeny 
was often carried out at the third instar when the type of reproductive system and 
the presence or absence of wing buds suffices to distinguish the forms. 

The experiments were carried out in a series of plant growth cabinets equipped 
for controlling temperature and photoperiod. ‘Temperatures constant to + 0-5°C 
were usually employed. Fluorescent “daylight” lamps, operated by time switches, 
gave a light intensity of 50-100 ft-candles at plant level. ‘The stock of Megoura 
was derived from a colony established by Lickerisu (1953) for use in insecticidal 
studies. Material was kindly supplied by the Department of Insecticides and 
Fungicides, Rothamsted Experimental Station, where a duplicate culture has been 
kept for a number of years in a constant parthenogenetic condition. ‘The line used 
in the present experiments originated with a single apterous virginopara in 1954 
and therefore constitutes a clone. Stock cultures were maintained at 15°C and 
received a daily light period of 16 hr. 
RESULTS 
The photoperiodic induction of oviparae and virginoparae at 15°C 

When first instar larvae from the stock culture were reared in typical “long” 
and “‘short” photoperiods of 16 and 12 hr respectively, the form of these individuals 
was not affected in any way: all became apterous virginoparae. But when these 
adults were subsequently permitted to reproduce under the same environmental 
conditions, photoperiod was seen to have exerted a decisive influence upon the form 
of the progeny. Some typical results are given in ‘Table I. 

Parents which developed under long day conditions all produced families 
consisting exclusively of wingless virginoparous females and males. In the short 
day the parents yielded families consisting exclusively of oviparae and males. 
It was therefore clear from the outset that the mechanisms of female and male 
determination must be entirely different, for whereas the type of female shows a 
complete and clear-cut dependency on photoperiod, approximately the same 
numbers of males are formed in long and in short days. The question of male 
determination is discussed at greater length elsewhere (p. 108). 

Photoperiods of critical length. \t is of considerable interest to discover how 
parents respond to conditions that are photoperiodically intermediate. Systematic 
tests showed that a daily photoperiod of 14} hr was critical for this clone of Megoura. 
Some specimen progeny records are given in Table 2. 

The eleven parents reared in this photoperiod all gave birth to both virgino- 
parae and oviparae. Occasionally, as in parent “1”, both types of offspring were 
represented in every batch. Nevertheless, this was rather unusual. As a rule the 
parent aphids tended to produce only one kind of female offspring at a time. 
They then “switched over’’ in an apparently abrupt fashion to the production of 
the alternative form. This transition occurs at different times in the sequence of 
offspring. For example, aphid ‘2’ produced only two virginoparae (perhaps 
among the first to be born) followed by 105 oviparae. The switch has occurred 
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later in parents “3” to “6”. Indeed with parent “6” it was delayed until the end 
of embryogenesis, since there was a sequence of 65 virginoparae followed by only 
6 oviparae. All the parents in this series began their reproductive life as virgino- 
para-producers. 

Permanent darkness was also found to constitute an “intermediate” stimulus. 
A somewhat longer series of 22 parents was reared, including the typical examples 


‘TABLE 1—PROGENY RECORDS OF INDIVIDUAL APTEROUS VIRGINOPARAE REARED THROUGHOUT DEVELOPMENT 
AND ADULT LIFE AT 15°C IN LONG (16 HR) OR SHORT (12 HR) PHOTOPERIODS 


16 HR PHOTOPERIOD 


8 
5 
5 


~ 


| 


; Ov., oviparae; 3, males 


TABLE 2—REPRESENTATIVE PROGENY RECORDS OF INDIVIDUAL APTEROUS VIRGINOPARAE 
REARED FROM BIRTH AND DURING ADULT LIFE AT THE CRITICAL PHOTOPERIOD OF 14} HR 


13 


Totals | 26 13} 2 


Grand totals 122 


V. ap., virginoparae apterae; Ov., oviparae; 4, males. 


| | 
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- | | | | 
af ap On ap Or | ap Oe | ap Ov. | Or | 
23 26 25 13 | 20 | | 
3 8 2 11 21 20 5 | 16 11] 34 
22 | 5/11 10 | 14 5 | 18 5} 15 | 20 1] 19] 11 
5 15 21 l 21 l 16 | 18 | | 16 25 | l 
tals 75 3178 3 9 | | as | 
] a 13 6 95 5 83 12 85 | 16 
Grand totals SS 9] 95 89 100 95 | 101 
12 HR PHOTOPERIOD 
: N pare 1 2 4 5 6 7 ae 
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16 6 + 28 12 14 11 6 11 24) 111 18 | 6 
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24 18 2 19 | 19 ot 2 
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given in Table 3. The response varied considerably. Some aphids (e.g. “‘1’’ and 
“2”) yielded virginoparae only (apart from the usual quota of males). Some 
produced only oviparous offspring (e.g. “3”? and “4’). The majority, however, 
again gave birth to females of both types (e.g. “5” to “14"). An examination of 
their progeny records shows that the sequence may begin with virginoparae and end 


with oviparae, the change-over occurring at different times in relation to the order 


TaBLE 3—REPRESENTATIVE PROGENY RECORDS OF INDIVIDUAL APTEROUS VIRGINOPARAE REARED FROM 
BIRTH AND DURING ADULT LIFE IN PERMANENT DARKNESS AT 15 C 


No. of parent 


Batch 


Totals 


| 
| 


Grand totals | 


No. of parent 


Totals 


Grand totals 


V. ap., virginoparae apterae; Ov., oviparae; 3, males. 


of parturition (“5 to “7"). Or the sequence may begin with oviparae and change 
over later to virginoparae (“‘8” to 10”). Three parents out of twenty-two gave 
evidence of a second “‘switch over” by reverting to the type of offspring produced 
at the beginning of parturition (“11” to “13"’). One parent (“14”) even showed 
three such reversals of function, producing successive groups of virginoparae, 
oviparae, virginoparae, and finally oviparae again. 

These results provide a clear indication of the instability of the physiological 
system controlling form determination in these intermediate régimes. Further, they 
suggest that this system is maternal, otherwise one would expect the two types of 
female to be distributed randomly in the progeny sequence. That the distribution 
is manifestly non-random can be appreciated even with parents that yield both 
types, since their progeny are born in groups which are in themselves homogeneous. 
The separation of the parental generation into virginopara-producers, ovipara- 
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producers, and producers of both these forms therefore seems the most informative 
way of classifying the observations. 

In Fig. 2 is shown the incidence of these three categories of parents when the 
latter were reared throughout life in daily photoperiods ranging from permanent 
darkness to permanent illumination. The curves are based on records of about 
200 parents and their 20,000 daughters. It will be seen that the proportion of 
ovipara-producers remains at 100 per cent in photoperiods ranging from 4 to 12 hr 


100; 


parents 


‘le porents 


le porents 


Photoperiod, hr light/ 24hr 


Fic. 2. The influence of photoperiod on the production of virginoparae and oviparae 
at 15°C. The three graphs show the proportion of parents, in percent, that vielded oviparae 
only (a), virginoparae only (b), and mixed families of both forms(c). 


(Fig. 2a). Even at 14 hr, 88 per cent of the parents yielded oviparae only. With 
longer photoperiods the percentage falls off very sharply, reaching zero at 15 hr. 
The same result is observed in all longer days and under conditions of continuous 
illumination. The Proportion of ovipara-producers again falls, though less abruptly, 
between 4 and 2 hr of light. There appears to be little further intensification of 
this effect when light is completely absent. 

In general, the curve for virginopara-producers is, of course, the inverse of Fig. 
2a. Long photoperiods strongly favour the production of virginoparae and short 
daylengths entirely suppress their appearance (Fig. 2b). The incidence of parents 
of mixed families is greatest around the critical photoperiod of 144 hr, although sig- 
nificant numbers also occur if the daily period of light falls below 2 hr (Fig. 2c). 


The effect of temperature on the production of oviparae and virginoparae 


The interaction of photoperiod and temperature has also been followed by 
exposing apterous virginoparae during development and parturition to different 
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constant temperatures in typical “long” and “short” days. The results are 
summarized in Table 4. Despite the precautions mentioned previously (p. 94), 
some parents gave birth to a proportion of alatae at low temperatures. A fourth 
category of parent has therefore been added to those previously mentioned, 
namely those yielding both winged and wingless virginoparous offspring. Never- 
theless, as far as the origin of sexual and parthenogenetic females is concerned, 
this class is virtually equivalent to the category of parents producing apterae only, 


since the presence or absence of wings is decided much later in embryogenesis 
than is the parthenogenetic or oviparous condition (Lees, unpublished). 


‘THE INFLUENCE OF TEMPERATURE AND PHOTOPERIOD ON PARENTAL FECUNDITY AND ON THE 
CLASSES OF FEMALE OFFSPRING PRODUCED 


TABLE 4 


Phot 


lemperature | 


( | Ort. 
Total | spring V. ap V. ap Total spring V. ap | V. ap 
parents | per V. ap. | | On | parents per V. ap On : 


parer t parent 


100 


20 29 110 100 0 0 0 27 102 4 0 29 67 
15 25 95 100 0 0 0 7 99 0 0 100 0 
11 3? 57 bo 4 0 0 19 S6 0 0 100 0 
x* 19 6 o&t 0 0 0 13 ; 0 0 627 0 


V. ap., percentage of parents producing apterous virginoparae only; V. ap V. al., percentage 
of parents producing both apterous and alate virginoparae; Ov., percentage of parents producing 
oviparae only; V. ap Ov., percentage of parents producing both apterous virginoparae and 


oviparae. The mean numbers of offspring include males 


* After final moult parent placed at 20 ¢ 
+ Remaining parents produced no offspring. 


Table 4 also shows that temperature markedly affects the fecundity of the 
parents. 25°C is near the upper limit for continuous reproduction. The aphids 
develop almost normally but gradually darken after the final moult. ‘The progeny 
is greatly reduced in number, and dissection of the parent reveals large numbers of 
degenerating embryos. The capacity of the offspring to assimilate the available 
food is also impaired to a striking extent. Even when the larvae are reared on food 
at favourable temperatures (e.g. 20° or 15°C) they grow at less than half the normal 
rate and develop into minute adults often weighing no more than one tenth of the 
normal weight. Similar effects of heat injury have been described in other aphids 
(e.g. Kenren, 1955). 

Embryo production is maximal at 15-20°C but is again depressed at lower 
temperatures. At 8°C slow larval development takes place but no offspring are 
born, despite the fact that the moribund insects often contain 20 or 30 large embryos. 
Since it was desired to study the effect of the lowest possible temperature on the 
form of the offspring, the parents were moved to 20°C after the final moult. ‘This 
resulted in an average yield of four daughters per parent (Table 4). It should be 
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noted that the determination of these individuals as oviparae or virginoparae 
depends on events taking place during the early larval instars, that is, long before 
the transfer to the higher temperature was made (see p. 106). 


The effect of temperature on the form of the offspring may now be considered 


in detail: 

(a) At 25°C. Only one type of aphid, the apterous virginopara, was formed, 
whether the photoperiod was long or short. Evidently this high temperature 
completely suppresses the tendency for a short day to favour ovipara-production. 
Males were always absent. 


ABLE 5—PROGENY RECORDS OF INDIVIDUAL APTEROUS VIRGINOPARAE REARED THROUGHOUT LARVAI 
ADULT LIFE AT 20°C IN LONG (16 HR) OR SHORT (12 AND 14 HR) PHOTOPERIODS 


16 HR PHOTOPERIOD 


1106 | 


virginoparae apterae; Ov., oviparae; 3, males. 
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(b) At 20°C. As at 25°C and 15°C, only apterous virginoparae were born if 
the parents were reared in long photoperiods (‘Table 5). Under short-day conditions 
a temperature of 20°C was intermediate in its action, only partially counteracting 
the short-day effect. The results were much the same as when the parents were 
exposed to critical photoperiods at 15°C (p. 95). For example, some families of 
parents reared in a 12 hr photoperiod consisted of oviparae only (“1"’, ‘Table 5), 
others of virginoparae only (“2”). In addition, the same kinds of regularities 
were noted in the reproductive sequences of those parents (67 per cent of the total) 
which had mixed female progenies. ‘Thus the parent may begin parturition with a 
series of oviparae (“3’’) or a series of virginoparae (‘‘4’’, “5’’) before turning over 
to the production of the alternative form. Other parents show indications of a 
second reversal (“‘6", ‘‘7"’). Some particularly clear instances of double reversals 
were secured by using a 14 hr photoperiod, that is, one which is just short of the 
critical length. Nos. “3’’—‘'5”’ (Table 5) are instances of this kind while parents 
“6” and “7” provide evidence of three reversals. Although the “inertia” in the 
maternal control mechanism usually results in the formation of large uniform 
groups of females, it is worth noting that the numbers in a group may be quite 
small. Indeed, parent “3” formed only a single ovipara in a sequence of 81 virgino- 
parae. At this temperature males were fairly plentiful. 

(c) At 11°C. With respect to the determination of parthenogenetic and ovi- 
parous females the results were similar to those obtained at 15°C. ‘The short-day 
parents yielded oviparae only and the long-day parents virginoparae only (‘Table 6). 


TABLE 6—PROGENY RECORDS OF INDIVIDUAL APTEROUS VIRGINOPARAE REARED THROUGHOUT LARVAI 


No. of 


ADULT LIFE AT 11°C IN LONG OR SHORT PHOTOPERIODS 


16 HR PHOTOPERIOD 


AND 


parent 


Batch 


Grand 


totals 


12 HR PHOTOPERIOD 


No. of 


parent 


Batch 


Totals 


5 


| 
| 
Grand totals 


Note—V. ap., virginoparae apterae; V. al., virginoparae alatae; ., Oviparae; 3, males. 


4 
4 
5 
« 
- 
4 
2 4 5 4 
| ap. | al Ov. | ; ap.| al. |Ov.| | ap.| al. | Or | ap. | al. | Ov. | ap.| a 
2 | | 3) 23 2 | 24) 2| 14 17 | 6 
| 21 | 1/25] | 145 23) 
Totals 61 | | 4] ; | | 2] 64 | 2 47 4 10 2 
65 75 66 31 42 
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| ap. | al | Or $ | ap.| al. | Ov.| | ap.| al. | Or | ap.| al. | Ov.| ap.| al. | Or 
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But it will be noted that there is also an effect on the type of virginopara. Although 
66 per cent of the parents exposed to the 16 hr day produced apterous virginoparae 
only, 34 per cent had some winged virginoparae among their offspring (‘Table 4). 
The progeny records of two such individuals are given in ‘Table 6, “4” and “5”. 

The aphids were somewhat sluggish at this temperature and were reluctant 
to cling on after transference to the new plant. As it is known that Megoura adults 
readily yield alatae if isolated from the plant for several hours (Lees, unpublished 
observations), particular care was taken to ensure that the disturbance to feeding 
and parturition was as slight as possible. Since some alatae were still formed in 
spite of these precautions, it appears that low temperature has a definite promotive 
effect upon wing production. A similar conclusion was reached by KENTEN (1955) 
in her work on Acyrthosiphon. It will be noted that no Megoura alatae were pro- 
duced under short-day conditions (Table 4). This is a result of the comparatively 
early embryonic determination of the oviparae; such presumptive oviparae are 
immune to influences that would lead to the production of winged forms by a 
parent yielding virginoparae (unpublished results). 

(d) At 8°C. 19 parents exposed to a 16 hr photoperiod during larval develop- 
ment and then transferred to 20°C after the final moult gave birth to an average of 
six young, all of them virginoparae (‘Table 4). Although it is to be expected that a 
low temperature would have the reverse effect to a high one, and would therefore 
tend to inhibit the production of virginoparae, this particular low temperature is 
evidently inadequate to overcome the dominant action of the long day. 

Although some effects of low temperature on wing determination were detected 
at 11°C, no alatae appeared at 8°C. ‘This may have been due to the method of 
transferring the teneral adults to a temperature of 20°C, since the period of wing 
determination coincides with the adult life of the parent (unpublished results). 


The chronology of embryonic development 

Before attempting to relate the period of embryonic sensitivity to photoperiodic 
stimuli it is necessary to outline the course of embryo production in the growing 
parent. ‘This information is given in Fig. 3 and ‘Table 7. ‘The stages of embryonic 
differentiation have not been followed in any detail. But since the embryos develop 
sequentially from the apical germarium, growth stages can be roughly characterized 
by the position of the embryo in the ovariole. This, of course, no longer applies 
when ovulation ceases. Only embryos lying freely in the ovariole were counted: 
any still attached to the germarium were usually in the odcyte stage and were 
therefore disregarded. 

‘Table 7 shows that ovulation begins before birth since the ovarioles of recently 
born first instar larvae already contain an average of two embryos each. By the 
third instar four embryos are present in each ovariole and six in the teneral adult 
(Fig. 3, a~c). After the final moult the aphid feeds for three days at 15°C before 
parturition begins. During this interval the embryos grow considerably in volume, 
although the number per ovariole usually remains at about 6 (compare (c) and (d) 
Fig. 3). If the number of ovarioles is taken as 18 (see below) the total number of 
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embryos differentiated by the time of the final moult would be 186 or 108. 
Since the mean number of offspring at 15°C was only 97 (‘Table 4), it would appear 
that ovulation ceases after the final moult. ‘This may not, however, be an entirely 


O-2mm 


+ 


(b) 


Fic. 3. Outline drawings of typical ovarioles at successive stages in the development 
of the parent. (a) Ist instar larva; (b) third instar larva; (c) teneral adult; (d) adult at 
inception of parturition; (e) old adult which has already given birth to 82 young. (1) ger- 
marium; (II) degenerating embryo. 


correct interpretation, for the examination of virginoparae that have already 
deposited a proportion of their progeny indicated that more embryos were present 
than could be brought to maturity. ‘Thus a virginopara which had already given 


TABLE 7—OVARIOLE COUNTS IN APTEROUS VIRGINOPARAE AND THE NUMBERS OF EMBRYOS 
CONTAINED IN EACH OVARIOLE AT DIFFERENT STAGES OF EMBRYOGENESIS 


Numbers of ovarioles Numbers of embryos 
Modal no. 


examined per Range per ovariole Range 


| 
| 
| 
Ist instar larva 
3rd instar larva 
Teneral adult 
Adult, parturition beginning | 


18 
18 


Stave No. of Ys | Modal no 
| 


birth to 82 young was found to contain an average of three embryos per ovariole, 
making a total of about 54. However, many of the younger embryos were rounded 
up and degenerating (Fig. 3, Il). One may conclude that although ovulation 
continues to some extent in the adult, virtually all the individuals which will 
subsequently be born are present as embryos in the teneral female. 
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The time of the initial ovulation was also determined by dissecting the largest 


embryos present in developing larvae. This event was found to occur in the 4th 


instar. ‘Three generations are therefore represented in the 4th instar and adult: 
these individuals (grandparents) contain large embryos which will become parents; 
and the parent embryos themselves contain embryos which are destined to become 
the progeny of the parents. Such relationships are very similar to those first 
described in aphids by UrcHanco (1924). 

Table 7 also includes information on the number of ovarioles present in 
Megoura. It will be seen that the number is not constant, and that unpaired 
ovarioles occur frequently. Of the 27 first and third instar larvae examined, twelve 
had the modal number of 18, five had 16, four had 17, five had 19, and one had 21. 


The time relations of photoperiodic action 

The period during the life of the parent when day length is effective in con- 
trolling the type of female progeny can readily be found by transferring long- or 
short-day parents to the antagonistic photoperiod at progressively later stages in 
larval development or adult life. The stages chosen were the third larval instar, 
the teneral adult immediately after the final moult, the adult immediately before 
parturition, and adults which have produced about 20 or 45 offspring respectively. 
At 15°C these stages are reached approximately 7, 14, 17, 20, and 25 days after the 
parent’s birth. 

Some representative progeny records are included in Table 8. Several points 
are worthy of comment. In the first place, it is clear that the function of the 
parent as an ovipara- or virginopara-producer can be switched in either direction, 
provided the change to the antagonistic photoperiod does not occur too late in the 
life of the parent. For example, third instar larvae transferred from a short to a 
long photoperiod produced a sequence of oviparae followed by virginoparae, 
whereas similar larvae transferred from a long to a short photoperiod produced a 
sequence of virginoparae followed by oviparae. In the case of the first instar larvae, 
however, all the progeny responded to the photoperiod their parent received after 
the first instar. Evidently the controlling mechanism had not yet become effective 
at this stage. 

In the second place, there are clear signs that the timing of the reversal, as 
indicated by the numbers of female offspring of each type, advances steadily as 
the parent develops and her embryos mature and are born. Yet the point of 
reversal in the sequence of young undoubtedly differs according to the direction 
in which the photoperiod is changed. This matter is referred to in greater detail 
below. 

A third feature brought out in Table 8 is that the reversal is abrupt and complete 
in the sense that mixed groups of oviparae and virginoparae do not occur after the 
transition has taken place. While this is in agreement with the view previously 
advanced regarding maternal control of embryonic development, it also points to the 
synchronous growth of embryos in different ovarioles. ‘Thus it is reasonable to 
suppose that any determining stimulus would act on embryos of roughly the same 
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TABLE 8 
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APTEROUS VIRGINOPARAE WHICH 
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offspring offspring 
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Totals 


Grand totals 


TION TRANSFERRED: FROM 16 TO 12 HR PHOTOPERIOD 


ca, 20 ca. 45 
offspring offspring 
born 


Third instar 


larva 
| 


Grand totals | 120 
| 


First instar 
larva 


Stage 
transferred 


Parturition 
beginning 


Teneral 


adult born 


| On 


Totals 


Temperature 15°C, V. ap., virginoparae apterae; Ov., oviparae; 3, males. 


TABLE 9—THE PERCENTAGE AND NUMBERS OF FEMALE OFFSPRING THAT WERE INFLUENCED BY 
THE INITIAL PHOTOPERIOD WHEN THE LATTER WAS CHANGED DURING THE LARVAL 
DEVELOPMENT OR ADULT LIFE OF THE PARENT 


Days 
Stage | after 
transferred birth | Progeny 
| of No. of No. of 
parents | parents Percent | No. of parents 
virginoparae | virginoparae | 


From long to short photoperiod From short to long photoperiod 


| Direction of change 
| 


Progeny 
No of 
oviparae 


Per cent 
oviparae 


| 
| 
First instar ‘ 
| 
lhird instar | 
Teneral 
, parturition 
beginr ing 
ca 20 offspring born 
ca. 45 offspring born 
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| | | 
| | | | ) 
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growth stage. But any embryo so affected that was “held up” during later develop- 
ment might well be born among a group of offspring of the opposing type. This 
point is of some importance since it would seem that the order in which the progeny 
are born reflects with reasonable accuracy their respective ages. The positions they 
have previously occupied in the ovarioles, relative to the other offspring, can then 
be inferred with some confidence. 

The progenies of all the parents subjected to the various treatments have been 
averaged in Table 9. Figures are given for the proportion of female embryos 
that have responded to the initial photoperiod at each stage of parental development. 
This is expressed as a percentage of the total female offspring. The absolute 
numbers of embryos influenced by the initial stimulus are also shown, together 
with the small but variable number of males. 

When the aphids were transferred from a 16 hr to a 12 hr photoperiod in the 
third larval instar, 60 per cent of the female progeny became virginoparae in con- 
formity with the initial treatment. The proportion of these forms rose to 86 per 
cent when the change of photoperiod was delayed until the final moult; and by 
the beginning of parturition only 5 per cent could still be influenced by the final 
short photoperiod. In terms of absolute numbers, an average of 56 female embryos 
responded when the initial long-day treatment extended from the first to the third 
instar, whilst 81 and 96 respectively did so when this treatment was continued up 
to the final moult and to the onset of parturition. Since there are usually 18 
ovarioles, at least three of the four embryos which are present in each ovariole of 
the third instar larva seem destined to become virginoparae as a result of initial 
long-day treatment. In the teneral adult about five out of the six embryos are so 
committed; and three days afterwards the determination of embryos subsequently 
destined to be born is virtually complete. The inferred distribution of the embryos 
is shown diagrammatically in Fig. 4 (a, b). Male embryos, which have an expected 
frequency of less than one per ovariole (see p. 110), are omitted. 

A different response was obtained when the short photoperiod preceded the 
long one (Table 9 and Fig. 4c, d). Although the proportion of offspring developing 
as oviparae duly increased with the growth of the parent, the tempo of the pro- 
gression was much less. Exposure of the first three instars to the short photoperiod 
resulted in an average production of only 26 oviparae, indicating that in the third 
instar larva one or sometimes two of the most advanced embryos could be regarded 
as future individuals of this type. No more than two or three embryos per ovariole 
were influenced when the short-day treatment was continued up to the final moult. 
And even up to the onset of parturition many ovarioles evidently had one or two 
small embryos that were still susceptible to the influence of the final long photo- 
period. Possible reasons for this striking “asymmetry” in the response are con- 
sidered later (p. 114). 

Since many examples of this type of reversal were available for study, a number 
of progeny sequences were examined for the presence of forms intermediate between 
ovipara and virginopara. In Acyrthosiphon (KeNnTEN, 1955) and many other aphids, 
virginoparae with hind tibiae bearing ‘‘sensoria” or “scent plaques’’—a normal 
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feature of the ovipara—are by no means rare. ‘This abnormality was not found in 
Megoura, even in females born very close to the point of transition in the embryo 
sequence. ‘I'wo oviparae with mixed reproductive systems containing both eggs 
and embryos were noted. 


E xperiment. 


A 


Photoperiod “Y 


Stage 
rE mbryo 


Fic. 4. The action of different photoperiodic régimes on the sequence of female embryos 
in the maternal ovarioles. Embryos destined to become virginoparae are indicated by 


shaded squares, future oviparae by stippled squares. Degenerating embryos are shown 


black. Note that aphids at growth stages 5 and 6 have already begun to form the embryos 


of the succeeding generation Stage of de velopment of the mother: (1) first instar larva: 
(2) third instar larva; (3) teneral adult; (4) female near end of reproductive life 


Nutrition 

Experiments were also carried out to discover whether the nutritional condition 
of the host plant influenced form determination. Since the production of oviparae 
under natural conditions is confined to the late summer and autumn, it is worth 
enquiring whether the development of this form is favoured by deficiencies (or 
other changes) in the plant phloem sap. Potted broad beans (variety Sutton’s 
Dwarf) were prepared for this purpose. ‘The plants had flowered and set seed some 
weeks previously and when used had lost most of their foliage by abscission. The 
aphids colonized the stems, which still remained green in parts. ‘They were exposed 
from the first instar to a 16 hr photoperiod at 15°C. 

The resulting adult apterous virginoparae provided clear indications that the 
food supply was impoverished: for the mean weight of eight individuals was only 
1-3 mg compared with a figure of 5-4 mg for parents reared on germinating beans 
However, when these diminutive aphids were tested on similar bean plants they 
vielded an average of 28 apterous virginoparae and 2 males. No oviparae were 
produced. Malnutrition does not therefore appear to counteract the effects of a 
long day, as it may sometimes do in the induction of diapause (Lers, 1953) 

It was conceivable, nevertheless, that the aphids would still be affected by 
physiological changes associated with the senescence of a perennial plant. Potted 
specimens of a common host, the vetch Lathyrus pratensis, which had stood out- 


doors throughout the summer, were used in September when signs of senescence 
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had become apparent in the foliage. The plants, together with the parent aphids, 
were again put on a 16 hr photoperiod at 15°C. All the individuals reared proved 
to be virginopara-producers thus providing no evidence that nutrition affects the 
production of oviparae. 


Male determination 


The réle of temperature and photoperiod. Data on the numbers of males which 
occurred in the families of wingless virginoparae reared at different temperatures 
and photoperiods have been collected in Table 10. Some examples of individual 
progenies, which include information on male determination, have already appeared 
in Tables 1-3, 5-6, and 8. 


TasBLe 10—THE INFLUENCE OF TEMPERATURE AND PHOTOPERIOD ON THE PRODUCTION 
OF MALE PROGENY BY APTEROUS VIRGINOPARAE 


No. of males per parent 
lemperature Photoperiod No. of 
(°C) | (hr light/24 hr) | parents Range Mean 5.D 
25 12 | 9 | Oo 0 
16 | y | 0-0 0 
20 12 27 5-21 13-7 4 
44 | 80 + 5-59 
15 0 22 | 2-22 | 85+ 604 
2 17 | 2-18 | 12-4 + 3-92 
4 19 O-12 | 47+ 3-04 
8 18 | 3-15 | 7042-91 
12 3-17 116 + 302 
14-5 11 5-18 | 1164 5-13 
15 16 4-19) | 1244 431 
16 25 | 1-20 | 10:44 4-40 
24 18 } 1-15 | 534 3-94 
| 
1" 12 | 19 | os | 254 1-84 
32 | | 2942-41 


An inspection of the ranges given in Table 10 shows that the proportion of 
males produced by individual parents is strictly limited. Although these apterae 
gave birth to nearly 100 offspring each at medium temperatures, no treatment 
yielded more than 22 males. But below this upper limit the numbers were extremely 
variable. An analysis of variance* was therefore carried out with the following 
results. 

‘Temperature was an influential factor. No males at all appeared at 25°C whereas 
at 20° and 15°C they were fairly abundant, the 254 parents yielding an overall 
mean of 9-6 males for all conditions of photoperiod. The frequency of males at 
these two latter temperatures was not, however, significantly different at the 5 per 
cent level. Significantly fewer males occurred at 11°C, the overall mean being 
2-7. From these results it seems that there is an optimal thermal range for male 
production which lies in the 15°-20°C region. Higher or lower temperatures 
suppress the appearance of this form to a greater or lesser extent. 


* Kindly undertaken by the Staff of the Statistical Laboratory, Cambridge. 
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Rather surprisingly, photoperiod had no detectable influence on male determina- 
tion. Results were available for a complete series of photoperiods at 15°C and for 
typical long and short day lengths at 20° and 11°C. But none of the means differed 
significantly (Table 10). 

A feature of these observations was the high male variance. Even with parents 
that had been reared together under apparently identical conditions the numbers 
sometimes fluctuated between 0 and 21 (‘Table 10). An attempt was made to trace 


the source of this variability. If the cause was genetic, due to the appearance of 


dominant mutations in the clone, it should have been possible to select lines with 
high and low male production. Such an experiment was begun with two apterous 
virginoparae, one of which had yielded 13 males and the other three. ‘Two daughter 
virginoparae were selected at random and these in turn gave rise to a number of 
females (grand-daughters of the original pair) which were put on a 12 hr photo- 
period at 15°C. The females from the “high male”’ lineage averaged 11-3 males, 
those from the “low male”’ lineage 11-8. 

A further possibility was that temperature fluctuations were responsible. Some 
disturbance in temperature was unavoidable during the short periods when the 
cabinets were opened for watering or changing the plants. Some weight is lent to 
this suggestion by the evidence of Surpata (1934, 1952, 1954), who found that 
male production in Myzocallis kuricola was stimulated by fluctuating temperatures. 
The most favourable type of daily cycle consisted of a constant low temperature 
(15°C) period of one or more hours alternating with a constant high temperature 
(25°C). This experiment was repeated with Megoura. The treatment involved a 
2 hr period at 14°C (which coincided with the beginning of the 16 hr light phase), 
followed by 22 hr at a constant temperature of 20°C. This daily régime was begun 
a few days before the birth of the parent virginoparae and was continued throughout 
larval and adult life. Male production by these parents was compared with that of 
a parallel series reared at a constantly maintained temperature of 20°C. In the 
latter instance special precautions were taken to provide as complete a thermal 
constancy as possible. 

The series of 15 parents reared under constant conditions produced a mean 
number of 10-5 males; the 17 parents from the fluctuating temperature yielded a 
mean of 7-9 males. The value for ¢ does not reach significance at the 5 per cent level. 


The position of males in the progeny sequence 

The individual progeny records given in Tables 1-3, 5-6, and 8 suggest that 
male offspring do not occur with equal frequency at different times in the repro- 
ductive life of the parent. This is borne out when the numbers of males present 
in the five serial batches are plotted in chart form (Fig. 5). Since the intention 
of collecting the young in groups of 20 (p. 94) could only be realized approximately, 
some selection of the available records has been necessary. The results illustrated 
are for parents that yielded five successive batches of offspring, the number per 
batch falling within the arbitrary limits of 13-27. These 40 parents had all 
been reared at 15°C although in different photoperiods. 
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The progeny totals averaged 19-0, 19-5, 20-5, 20-3, and 18-6 respectively, while 
the mean numbers of males in the corresponding batches were 0-0, 2-1, 5-1, 3-2, 
and 0-1. In other words, no males occur in the first 20 or so offspring; the incidence 
then rises to a maximum in the middle of the progeny sequence, but again declines 
almost to zero towards the end of reproduction. Other observations in which the 
parent aphids were only transferred two or three times indicated that the males in 
the second of the five collections must have been among the last to be born. 


a 
E 
2 
E 
z 


Fic. 5. The incidence of males in the five successive batches of young collected from 
40 parent virginoparae. Temperature, 15 C. 


In terms of the embryo sequence this suggests that the first two embryos in 
the ovariole, representing a total progeny of 2 18=36 individuals, are almost 
invariably female regardless of the environmental circumstances. ‘The highest 
frequency of males should be found among the third and fourth embryos in the 
sequence, whereas a much lower frequency obtains in the fifth and sixth. If the 
male embryos are distributed evenly between the ovarioles, there would usually be 
less than one in each since the total complement of males does not often exceed 
the ovariole number of 18. 


DISCUSSION 
The control of polymorphism in long-established clones of Megoura appears 
to depend upon a series of maternal “‘switch’’ mechanisms which direct and 
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canalize the multiple potentialities of the parthenogenetic odcytes and embryos. It 
is these mechanisms that are responsive to the environment. ‘The embryos, in 
their turn, acquire and retain their sensitivity to the successive maternal signals 
only during certain limited growth periods. The competent embryos are then 
capable of following different developmental pathways which in the present 
instance are represented by simple pairs of alternatives. According to this view, 
the production of the four possible forms by the aptera involves three such decisions 
which arise in succession. The first results in the determination of sex; the second 
in the differentiation of female embryos as virginoparae or oviparae; and the third 
in the differentiation of virginoparae as winged or wingless individuals. We are 
concerned with the first two of these events in the present paper. 

The early studies of MorGan (1909, 1910, 1915), von Baeur (1908, 1909), and 
others on the aphid caryotype showed that, whereas in a given species the chromo- 
some number of all the female forms was the same, the male possessed one chromo- 
some less. It has therefore been generally accepted that sex is determined by the 
chromosomes, the mechanism being of the common XX—XO pattern (LAWSON, 
1936; Wurre, 1954). Surpata (1954) has recently been inclined to doubt this 
classical interpretation since his researches on the primitive species Myszocallis 
kuricola have shown that the chromosome number is alike in the two sexes (2n = 12). 
However, the possibility that the second sex element in the male is a Y chromosome 
with extensive euchromatic regions does not seem to have been entirely excluded. 

The cytology of the parthenogenetic eggs has been studied by MorGan (1910) 
and Lawson (1936). And a particularly clear account of the maturation of both 
female and male eggs has been given by Scuwartz (1932) for Tetraneura ulmi. It 
is generally agreed that in this type of diploid parthenogenesis the eggs undergo 
only one division, a single polar body being formed. In the female egg the chromo- 
somes go through what is virtually a normal mitosis, having already split by early 
prophase. In the male egg, however, the X chromosomes differ from the autosomes 
in that they enter prophase in the undivided condition. ‘They proceed to pair at 


zygotene but eventually fall apart without division or chiasma formation. One X 


chromosome then passes into the polar body. 

If the orthodox view of sex determination is applicable to Megoura (for which 
no cytological data are yet available), the critical events which affect the behaviour 
of the X chromosome must take place in the odcyte some time before cleavage 
begins. The site of these events is probably the germarium, since this organ 
contains the nurse cells, odgonia, and enlarging odcytes (UrcHANco, 1924; Lawson, 
1936). ‘Thus the sex will no doubt have been established by the time the odcyte is 
liberated into the ovariole. 

If the sex of the parthenogenetic egg is decided genetically, it becomes desirable 
to link this event with the highly abnormal sex ratio and with its modification by 
the environment. One possibility is that the deficiency in males is due to differential 
mortality. If male and female eggs are ovulated in equal numbers, mortality 
should reach 50 per cent among the early ova or embryos, since this phase of 
embryogenesis produces no males at all. In fact, embryos formed at this time 
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very rarely show signs of degeneration (rounding up, followed by gradual resorption 
as the embryo passes down the ovariole), although the regression of small embryos 


or, more especially, odcytes would obviously be difficult to detect. It is therefore 


felt that attention should be directed instead towards the possibility that the 
chromosomal behaviour is itself influenced either indirectly through the maternal 
physiology or directly by the environment. 

Whatever the mechanism of determining the sex ratio may be, it is clear that 
two different components should be distinguished. The fact that the proportion 
of males has never been made to exceed one quarter of the total progeny suggests 
that the maternal reproductive system itself has an important regulatory function. 
And the definite “pattern” of male production in the sequence of offspring is 
surely indicative of the same property. While preliminary experiments have 
suggested that this pattern could be slightly shifted by different temperature 
manipulations, the occurrence of males in the middle of the sequence remains a 
very constant feature. Yet, as it is most unlikely that the sequence is fixed in any 
absolute sense, there would appear to be some homeostatic mechanism within the 
germarium, or between different germaria, whereby the chances of a given egg 
becoming a male is adjusted according to the incidence of males among previous 
eggs. 

‘The second component in the control of male production is environmental. 
Although it is impossible by any treatment yet devised to increase the proportion 
of males beyond a certain point, their formation can readily be inhibited. In this 
respect high temperature is particularly effective. Many other aphids, for example, 
Aphis chloris (WiLSON, 1938), Myzus persicae, Brevicoryne brassicae (BONNEMAISON, 
1951), and Acyrthosiphon pisum (IKENTEN, 1955) respond to temperature in a 
similar manner. In Acyrthosiphon and Myzocallis kuricola (Suipata, 1934) male 
production is again markedly reduced at temperatures below the 15°—20°C range. 
This effect, which is also noticeable in Megoura, does not appear to be merely a 
consequence of the lowered fecundity. 

Photoperiod is without appreciable influence on the frequency of males in 
Megoura. ‘This response is quite unlike that in other aphids. In Acyrthosiphon, 
for example, no males at all occur in long days at any temperature (KENTEN, 1955), 
whereas in Myzus and Brevicoryne they are formed in reduced numbers 
(BONNEMAISON, 1951). 

If these factors indeed control the sex ratio through the chromosomes, how 
is this control exercised ? Since it is well known that abnormal temperatures can 
cause pairing failure with resulting chromosome loss in other material (DARLINGTON, 
1939), the evolution of a caryotype responding differentially to temperature within 
the normal biological range could be readily envisaged. Such an explanation might 
suffice for Megoura. However, it is difficult to believe that light also could operate 
directly in species with a photoperiodically-controlled male determination. Since 
there are indications that the development of the female egg into ovipara or virgino- 
para may be controlled by humoral means (see below), a possible hypothesis is that 
the type of endocrine balance that favours the production of oviparae also promotes 
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the production of male eggs. However, this view is not altogether satisfactory as 
KENTEN (1955) has shown that the combinations of photoperiod and temperature 
that most favour these respective forms are by no means identical. 

Turning now to the differentiation of the female embryos, there seems little 
reason to doubt that their condition as future oviparae or virginoparae is decided 
after the determination of sex. Thus, although the first two embryos in each 
ovariole of the first instar larva are presumably determined for sex (they are almost 
invariably female), they can be caused to develop into either type of female by 
varying the photoperiod and temperature during the early larval development of 
the parent. The present experiments throw some light on the mechanism and 
timing of the controlling process. 

The nature of the response to “intermediate” environmental conditions has 
already been stressed. Critical photoperiods at moderate temperature, or short 
photoperiods partially counteracted by a high temperature, provide conditions 
of this sort. Now, as the body wall and blood of Megoura (a green aphid) are highly 
translucent, photoperiod (and, of course, temperature) could be acting directly 
on the developing embryos. In these circumstances we should expect aphids 
reared under the intermediate conditions just mentioned to produce offspring of 
both types in random sequence. This never occurs. If the alternative is true, and 
the form of the offspring is regulated by the maternal physiology, the element of 
randomness should apply to the parents, some individuals becoming ovipara- 
producers and others virginopara-producers. Although this theoretical result is 
sometimes achieved, the families usually consisted of alternating groups of 
virginoparae and oviparae. Nevertheless, it is equally difficult to account for this 
result unless the form determination is under maternal control. 

This phenomenon has not so far been noted in other species of aphids. The 
production of families which included both virginoparae and oviparae has often 
been observed; indeed some authors have recorded only mixed progenies—a 
circumstance that may have been caused by the selection of temperatures which 
were unsuitable for the most striking demonstration of the photoperiodic effect. 
Nevertheless, since in these experiments the parent aphids were not usually 
isolated during their reproductive period, it would be impossible to recognize 
any regularities of the type described above. ‘The few individual progeny records 
published by BoNNeMaIsON (1951) and Kenten (1955) are not inconsistent with 
these findings, although the comparatively low fecundity of the species used, and 
the preponderance of males in some families, renders the data more difficult to 
interpret. 

Little is known at present regarding the physiological mechanism in the parent 
which controls the type of female offspring. However, it is worth calling attention 
to the similarities with the photo-induction of diapause. ‘The “intermediate”’ nature 
of the response to permanent darkness is especially striking. And in addition, the 
type of summation which is observed with long days and high temperatures on the 
one hand, and with short days and low temperatures on the other, is a familiar phe- 
nomenon in many insects with an environmentally controlled diapause (Lees, 1955). 
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Some inferences are possible concerning the final stage of the governing mechan- 
ism. This may consist of two components: the alternative maternal stimuli 
possibly humoral in nature—and the embryo itself which certainly differs in its 
sensitivity to these stimuli according to its stage of growth. In a constant photo- 
period it seems probable that the appropriate maternal stimulus is supplied 
continuously throughout larval development and perhaps adult life. All the 
embryos therefore have an opportunity of responding to it. This is not the case, 
however, when the photoperiod is reversed during the late larval development of 
the parent. In these circumstances the older embryos have already passed the 
stage of competence and have become refractory to the second stimulus. In addi- 
tion, there are also indications that the youngest embryos are also insensitive. For 
example, Fig. 4(a) shows that when along photoperiod is given during the first three 
larval instars, the fourth and smallest embryo is unaffected; and two or three 
embryos fail to respond to an initial short photoperiod (Fig. 4c). Finally, under 
“intermediate” but apparently constant conditions the controlling system may 
perhaps be regarded as in unstable balance. This is readily upset by slight fluctua- 
tions in the internal or external environment, and the embryos then react 
accordingly. 

Fig. 4 shows that the determination of embryos as virginoparae, in response to 
an initial long photoperiod, appears to proceed more rapidly than the determination 
of embryos as oviparae by an initial short photoperoid. This “asymmetry” in the 
response is more difficult to explain. One possibility is that both female morphs 
are controlled by a single stimulus, the type of individual depending on whether 
the stimulus is present or absent. ‘The possible mode of action of such a system 
during the period of maternal development when the number of embryos per 
ovariole is increasing can be appreciated from an inspection of Fig. 4. Clearly, if 
the stimulus is available for a given period, the embryos which will pass through 
the reactive stage (probably in positions 2 or 3) will outnumber those that have 
reached a refractory condition (perhaps in stage 4). ‘The latter embryos will become 
females of the opposing type if the stimulus ts absent during the same period. 

Other possibilities also exist. It will be recalled that the first two embryos in 
the ovarioles of newly born larvae can be converted into either virginoparae or 
oviparae by post-natal photoperiodic treatment. This might indicate either that 
they were not competent to respond to the maternal stimulus, or that the latter 
was not yet available, or both. The evidence mentioned above suggests that the 
first alternative is correct; and in this event it may well be that the controlling 
mechanism starts to operate before the birth of the parent. In the present experi- 
ments all grandparents were exposed to long day conditions in the stock cultures. 
It is possible that the mechanism, once functioning as a virginopara-determiner, 
displays a certain resistance to reversal by a short photoperiod. Further work is 
required to settle this point. 

Some reference must finally be made to the classification of aphid forms. 
The term “‘sexupara”’ has been purposely avoided in this paper. Many systematists 
employ the term merely to denote a producer of sexual forms (gynopara = ovipara 
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producer; andropara = male producer). ‘This usage is misleading. In the first 
place, there is some danger that the “sexupara’’ will be thought of as a distinct 
form in all aphids. Yet in a species without host alternation, such as Megoura, 
the sexupara is the same individual as the virginopara. Indeed, a female Megoura, 
reared in the appropriate environment, might be judged to be first a virginopara, 
then an “andropara” and finally a ““gynopara”’! Even more complex terminologies 
have sometimes been devised for these “ecological forms” (e.g. SurpaTa, 1954). 
There must nevertheless be a strong suspicion that in many monoecious aphids 
all these ‘“‘forms’’ are identical and that the type of progeny reflects the various 
potentialities of embryonic development under particular environmental conditions. 
However, an additional and more important source of confusion relates to the 
fact that in species with host alternation the sexupara is undoubtedly a distinct 
entity. For example, it is well known that in Aphis fabae the winged viviparous 
females (gynoparae) that return to the primary host in autumn differ both 
morphologically and in their behaviour from alate virginoparae (KENNEDY and 
S00TH, 1954). 

The differences between alate virginoparae and gynoparae, although definite, 
are comparatively subtle. It is possible that the failure to make this distinction 
may be responsible for a further apparent anomaly in the literature. From his 
extensive observations on Macrosiphum solanifolit (= M. euphorbiae) SHULL (1928, 
1929) concluded that wing determination was under the control of photoperiod. 
In his experiments short days were shown to favour the appearance of “‘alatae”’ 
(that is, by implication, alate virginoparae), whereas long days favoured apterous 
virginoparae. Yet subsequent authors have invariably reported that photoperiod 
has little or no effect on wing production—a finding which is confirmed in Megoura. 
Nevertheless, it is striking that the curves for photoinduction of “‘alatae”’ in 
Vacrosiphum and of oviparae in Megoura are almost identical, the resemblance 
even extending to the response under “intermediate” conditions of permanent 
darkness. As BONNEMAISON (1951) suggests, it would appear likely that SHULL’s 
“alatae’’ were in reality gynoparae. 


SUMMARY 
(1) Apterous virginoparae from long-established clones of Megoura are capable 
of producing three types of daughters (parthenogenetic winged and wingless 
virginoparae and sexual oviparae) in addition to males. 

(2) This polymorphism is primarily controlled by the environment acting 
through a series of maternal “switch mechanisms”. The latter in turn direct the 
growing odcytes and embryos into different alternative developmental pathways. 
The first dichotomy, probably at the odcyte stage, decides the sex; the second, 
which affects partly grown female embryos, results in their differentiation as 


oviparae or virginoparae. 

(3) Although sex is doubtless determined genetically, an over-riding physio- 
logical control is exercised both by the maternal reproductive system itself and by 
the external environment. The intrinsic regulatory properties of the former are 
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indicated by the strict limitations imposed on the numbers of males formed by the 
germaria; and by the fact that males are virtually confined to the middle of the 
sequence of offspring. Environmental control is exemplified by the complete 
suppression of males at high temperature and by their partial suppression at low 
ones. But photoperiod is without influence. 

(+) The differentiation of female embryos as oviparae or virginoparae is wholly 
governed by photoperiod and temperature. High temperatures and long photo- 
periods promote the production of virginoparae, while the opposing conditions 
favour oviparae. At moderate temperatures (ca. 15°C) all the female offspring are 
of one type or the other depending on the photoperiod. 

(5) Critical cycles of illumimation (for example, a photoperiod of 14} hr or 
permanent darkness at 15°C) induce some parents to give birth to virginoparae 
only, whereas others yield oviparae only. Although the majority have mixed 
progenies under these conditions, the two forms are not distributed at random in 
the reproductive sequence but occur in alternating groups. These findings suggest 
that light and temperature act primarily on the parent. Embryonic determination 
may be mediated by humoral means. 

(6) Determination of the oldest embryos as oviparae or virginoparae begins 
during the early larval instars of the mother. Whilst in virginopara-producers 
this process is almost complete by the final moult, in ovipara-producers it con- 
tinues until much later in reproductive life. ‘The progression of determination can 
be explained in terms of the competence of embryos in different stages of growth 
to respond to alternative maternal stimuli. 


I am greatly indebted to my colleague Dr. J. W. L. Beament for 
designing the plant growth cabinets used in this work. Mr. M. J. Way of the Department 
of Insecticides and Fungicides, Rothamsted Experimental Station, kindly drew my attention 
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Abstract—Sustained flight of 120 min or more has been obtained with Phormia 
regina Meig. Blood pH’s measured before and after flight appear to fall within the 


same range (6°9-7:-1). 


‘THE utilization of Phormia for metabolic studies has occasioned the need for a 
simple method of promoting sustained activity such as flight. Our attempts to 
utilize flight-provoking techniques already devised for Diptera have met with 
little success. ‘The methods of CHapwick and Gi_Mour (1940) for Drosophila 
and of Hupson (1958) for Phormia both depend upon repetitive stimulation of the 
tarsal reflex for inducing flight, and fail in their purpose in Phormia as a result of 
an apparent adaption of the insects to the stimulus. ‘Thus, “long’’ flights using 
these methods are discontinuous and subject to a great many rest periods. Supple- 
mentation of the devices with light and air currents lead to insignificant increases 
in flight duration. 

The method described here derives from two observations previously 
recorded in the literature. Firstly, that some insects will, if the tarsi are amputated, 
fly to exhaustion (FRAENKEL, 1932) and secondly, that the stimulus for continued 
flight in some specimens is a continuous exposure to a current of air (CHADWICK, 
1953). Combining these two stimuli has led to steady flights of 2 hr or more with 
subsequent continued attempts in spite of obvious exhaustion. The flights could 
be terminated by stopping the air flow or by permitting the animals to stand on a 
flat surface. ‘he apparatus used consists simply of a wind tunnel made of a piece 
of glass tubing 30 in. long and 3 in. in diameter at the end of which is placed the 
intake of a motor-driven “snail type’’ blower (Aminco 4-690A). A glass rod which 
may be easily removed is fastened along the top inside of the tube. Each fly is 
suspended from the glass rod by a 1} in. length of thread attached to its scutum 
with paraffin or Duco cement. The flies are prepared for mounting by removing 
the tarsus of each leg close to the tarso-tibial articulation. This may be done 
rapidly without microscopic examination, since there appears to be no significant 
difference in attitude or activity as a result of indiscriminate cutting. To all 
outward appearances there is no blood lost as a result of the operation. 


* Present address: Department of Entomology, Purdue University, Lafayette, Indiana. 
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Using the above method, it has been possible to determine blood pH on 
individual flies after sustained flight activity. Blood pH was measured with a 
Beckmann Model G meter equipped with a modified micro glass electrode. ‘The 
electrode was drawn from Corning 015 glass tubing, its total capacity maintained at 


1-3-1-5 ul, and wall resistance at less than 2 MQ. From five-day old flies randomly 
withdrawn from a rearing cage, values of 6-°96+-0.05 (eight individuals) were 
obtained, whereas the pH’s of others withdrawn from the same cage and flown 
continuously for an average of 100-120 min were 6-99--0-1 (six individuals) when 
the blood was removed and measured immediately after flight. It is apparent from 
these figures that either no acid products of metabolism are released into the blood 
or the buffering capacity of the blood is great enough to sustain the pH at its 
normal value in spite of any outpouring of organic acid into it during sustained 
activity. 
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Abstract—The enzyme xanthine oxydase (or xanthine dehydrogenase) converts 
2-amino-4-hydroxypteridine to isoxanthopterin. The mutant rosy (ry) does not form 
isoxanthopterin, most likely due to the absence of the enzyme. ry flies contain more 
2-amino-4-hydroxypteridine than do wildtype, with males accumulating more than 
females. Injection of 2-amino-4-hydroxypteridine into wildtype larvae leads to an 
increase of isoxanthopterin over the control level, both in larval and pupal stages. 
Injection of the same compound into ry larvae did not lead to the formation of tso- 
xanthopterin. Similar negative results were obtained with a number of other 
pteridines, whereas the injection of wildtype Malpighian tubes into ry clearly causes 
the appearance of isoxanthopterin. Malpighian tubes treated with ultra-violet light 
caused only a small increase over the ry controls. Wildtype flies contain more droso- 
pterines than do ry. We were, however, not successful in increasing the drosopterine 
content in ry by means of injection of various other pteridines. Attempts to phenocopy 
the ry gene through treatment with 2-amino-4-hydroxypteridine-6-aldehyde were 
unsuccessful. 


INTRODUCTION 
THE mutant ry* of Drosophila melanogaster does not appear to form tsoxanthopterin 
at any stage of its development (HADORN and ScHWINCK, 1956). This is most 
likely due to the absence of the enzyme xanthine oxydase (or xanthine dehydro- 
genase), responsible for the conversion of 2-amino-4-hydroxypteridine (HB,) to 
isoxanthopterin; it is remarkable that a deficiency in the same enzyme was des- 
cribed in the mutant maroon-like (Forrest et al., 1956; HADoRN, 1956; GLASSMAN 
and MITCHELL, 1958). ‘The ry® phenotype is also characterized by an increase in 
sepia pterin and HB-pterins (HADORN and ScHwiNck, 1956; HApoRN and Grar, 
1958). The pteridine metabolism of ry? has been demonstrated to be non-autono- 
mous in the eyes (HADORN and ScHwinck, 1956) and also in the testes (HADORN 
et al., 1958). While it is clear that ry? has increased amounts of the HB-fraction, 
this spot contains in addition to HB, a second compound HB, which is probably 
biopterin (Forrest and MITCHELL, 1955). ‘Therefore it appeared to be of some 
interest to ascertain if 2-amino-4-hydroxypteridine accumulates significantly in 
ry’. Further, the in vivo conversion of 2-amino-4-hydroxypteridine to isoxan- 
thopterin in wildtype Drosophila melanogaster was investigated. Forrest et ai. 
(1956) found that flies of the genotype white-apricot fed 2-amino-4-hydroxypteridine 
as larvae contained isoxanthopterin as adults where ordinarily none could be 
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demonstrated. Finally, in view of the marked influence of transplanted wildtype 
Malpighian tubes and fat bodies on the pteridine content of ry? (HADORN and 
SCHWINCK, 1956; HADoRN and Grar, 1958), experiments were carried out in an 
attempt to gain further insight into the modification of the ry? phenotype. 

The 2-amino-4-hydroxypteridine content of three days old ry® and wildtype 
(strain Sevelen) imagos were compared. ‘Thirty flies of each genotype were squashed 
directly on the same sheet of Whatman No. 1 paper and chromatographed in 
propanol—1 per cent ammonia (2 : 1). The blue fluorescing HB spot was located 
with a long wavelength UV lamp and eluted with dilute ammonia. The eluate was 
rechromatographed in 5 per cent acetic acid which has been shown to separate the 

TABLE 1—ARBITRARY FLUORESCENT UNITS OF 2-AMINO- 


4-HYDROXYPTERIDINE IN 3 DAYS OLD IMAGINES. MATERIAL 
FROM 30 INDIVIDUALS WAS USED PER DETERMINATION (n) 


Wild type (+ Rosy® (ry®/ry*) 


males 44+ 6 100-0 + 8-7 


females Q4 4 47-6 + 5-0 


two constituents of this spot (Forrest and Mircuett, 1955). The spot corres- 
ponding in R, and fluorescence with synthetic 2-amino-4-hydroxypteridine was 
measured directly on the paper by means of the method of Haporn and KUHN 
(1953). The results of these determinations are shown in Table 1. 

It is clear that the mutant ry* accumulates 2-amino-4-hydroxypteridine, with 
males accumulating much more than females. This sex difference parallels the 
long known sex difference with regard to isoxanthopterin in wildtype demonstrated 
by Haporn and Mitcuett (1951). The difference is mainly due to the high con- 
centration of this compound in the testes. Thus the proposed precursor of 
isoxanthopterin accumulates in ry* and shows the same sex difference in ry* that 
isoxanthopterin shows in wildtype. 

To examine the in vivo conversion of 2-amino-4-hydroxypteridine to iso- 
xanthopterin, experiments were carried out in which Holtfreter solution saturated 
with the former compound was injected into third instar wildtype larvae. Injected 
larvae and uninjected controls of the same age were compared with regard to 
isoxanthopterin content at various intervals after injection. Chromatograms of 
larvae and pupae squashed directly on the paper were developed and measured as 
above. The data, shown in Table 2, indicate that individuals injected with the 
supposed precursor consistently contained higher amounts of isoxanthopterin than 
did controls. Injection of the same compound into ry* larvae did not lead to the 
formation of isoxanthopterin. 

The possible action on the pteridine metabolism of ry* of a number of other 
pteridines, which have been reported as present in Drosophila melanogaster, was 
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also investigated. Synthetic samples of the pteridines used in the work reported in 
this place were kindly provided by Professor M. Viscontini of the Chemistry 
Institute of the University of Ziirich. All ex ‘(periments were carried out with ry, 
as described above for the 2-amino-4-hydroxypteridine injection experiments. 
Measurements were also made of adults less than 12 hr after emergence.—The 
injection of zsoxanthopterin is of special interest since it might be postulated that 


the decrease of drosopterines in ry? is due to the absence of isoxanthopterin. 


\ctually the injection of this compound did not lead to increased drosopterines. 


In a typical experiment, 24 controls had a mean of 10-1--0-3 arbitrary fluorescent 
units of drosopterines while an equal number which had been injected with 


TaBLe 2—JsoXANTHOPTERIN IN WILDTYPE INDIVIDUALS IN- 
JECTED WITH 2-AMINO-4-HYDROXYPTERIDINE. DATA ARE 
EXPRESSED IN TERMS OF ARBITRARY UNITS OF FLUORESCENCE PER 
INDIVIDUAI 


Isoxanthopterin 


Hr after n | Stage 
injection Control Injected 


2 5 larvae | 8-3 
12-20 larvae 16-6 18 | 25-7 3-1 
24 | 24 pupae | 543 | 3-9 


isoxanthopterin had a mean of 9-6-+-0-3. However, the results do not exclude the 
possibility that isoxanthopterin was present in insufficient quantities to cause a 


significant increase in drosopterines, or more probably that it never reached the 


actual sites of drosopterin synthesis. Similar negative results were obtained with 
injected 2-amino-4-hydroxypteridine, 2-amino-4-hydroxpteridine-6-carboxylic 
acid, and xanthopterin. None of these compounds caused the appearance of 


detectable amounts of isoxanthopterin. ‘Thus the pteridine pattern of ry? has still 


not been demonstrably altered by the injection of anything other than living tissue. 
The effect of temperature has been discussed by Haporn and Grar (1958) and is 


assumed to differ fundamentally from the action of ry tissues, since no iso- 


xanthopterin is formed. ‘The results are in harmony with the hypothesis suggested 
by Haporn and Grar (1958) that only the injection of a source of the enzyme 
xanthine dehydrogenase causes the appearance of isoxanthopterin in ry*. 


In another series of experiments Malpighian tubes from wildtype larvae were 


irradiated with ultraviolet light for 7 min before being injected into female ry? 


larvae. ‘The technique is described in more detail by Ursprunc et al. (1958), who 


found that such treatment leads to morphological changes clearly discernible 
after about 30 hr and ultimately to the death of the transplanted tubes. Flies 


containing such treated tubes as well as others with untreated M: ilpighian tubes, 


along with wildtype and ry* controls, were dec apitated and the heads chromato- 


graphed as above. The flies were one to two days old. The results of the 
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fluorescence measurements are shown in Table 3. As has been demonstrated 
repeatedly (see Haporn and Grar, 1958), the addition of untreated wildtype 
Malpighian tubes to ry? caused a clear increase in drosopterines as well as the 
appearance of isoxanthopterin and two other compounds one of which is probably 
xanthopterin (Z1EGLER-GUNDER and Haporn, 1958). The tubes treated with 
ultra-violet light caused only a very small increase over the ry? controls. As 
determined by a t-test, the difference was not significant at the 5 per cent level. 
Some of these heads did appear to have traces of isoxanthopterin on subjective 
inspection of the chromatograms, so probably not all of the treated tubes were 
totally without effect. The difference between treated and untreated tubes is 


TABLE 3—THE ACTION OF INJECTED WILDTYPE MALPIGHIAN TUBES WITH AND WITHOUT 
ULTRA-VIOLET IRRADIATION ON THE PTERIDINE CONTENT OF ry®-FLIES. DATA ARE EXPRESSED 
IN TERMS OF ARBITRARY UNITS OF FLUORESCENCE PER HEAD 


| 
| 


+ -control ry* -control irradiated untreated 


ry*® with ry*® with 
| 
-tubes -tubes 


Mean | Mean Mean 


Drosopterines 32-441-20 17 | 15-8+40-92 | 26-1 41-33 


Isoxanthopterin 20-2 +0-65 7 +0-74 14-8 + 0-64 


highly significant (p<0-01). A reasonable explanation, although certainly not the 
only one, would appear to be that transplanted tissues must produce some substance 
in the host rather than simply acting as a vehicle for the transport of this substance 
from wildtype to 

Attempts to phenocopy ry* through treatment with 2-amino-4-hydroxypteri- 
dine-6-aldehyde were unsuccessful. This substance is well known as an extremely 
potent inhibitor of xanthine oxidase (see DE RENZO, 1956). It also inhibits prepara- 
tions of Drosophila xanthine dehydrogenase (private communication of Prof. 
H. K. Mircuett). The compound was administered through feeding and 
injection of suspensions. It appeared to be converted in part to a compound which 
did not differ chromatographically from 2-amino-4-hydroxypteridine-6-carboxylic 
acid. Wildtype Malpighian tubes which had been treated for 1 hr with a sus- 
pension of the inhibitor were less effective than controls in altering the phenotype 
of ry® hosts although the inhibition was by no means complete. However, the 
treatment was clearly somewhat toxic and the results can readily be accounted for 
by the toxicity of the treatment. The apparently direct relationship between the 
ry locus and the enzyme xanthine dehydrogenase would appear to offer unique 
opportunities for phenocopy experiments if the enzyme could be effectively 
inhibited in vivo. 
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A SIMPLE ACTIVITY RECORDER 


R. H. J. BROWN 
Department of Zoology, University of Cambridgs 
(Received 9 August 1958) 
Abstract—A simple activity recorder has been constructed using transistor circuits 


and working on infra-red light. It is suitable for long periods of observation, and the 


recording system can be set up at a distance from the animals 


Tue development of this apparatus arose from the need to record the activity 
phases of insects over long periods of time with a device which would disturb the 
animals as little as possible. In particular it was required that all the apparatus 


apart from the detecting device itself should be kept at a distance from the animals, 


so that it could be tested, recording paper changed, and so on, without affecting them. 

Since it is clear that insects are generally not sensitive to the red end of the 
spectrum (WIGGLESWoRTH, 1953), it is possible to detect activity by a photo- 
electric system using red or infra-red light. 


J 
Fic. 1. Layout of the detecting system. On the right is the lamp and lens mounting, 


on the left the photocell unit. These two can be separated by any convenient distance up 


to several feet. 


The apparatus is divisible into two sections, the detection system shown in 
Fig. 1, and the recording circuit shown in Fig. 2. The detection system takes the 
form of two small stands each carrying a tube with a short focus lens of about 1 cm 
diameter. In one tube, at the focus, there is a 6 V 0-3 A torch bulb; the other tube 
carries a phototransistor type OCP71, which has a high red sensitivity. These 
small stands can be placed on either side of the region to be observed, and adjusted 
so that the light from the lamp is directed onto the photocell. The change in 
photocell current due to total or partial interruption of the light beam is used to 


operate the recording circuit shown in Fig. 2. 
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When steady light is falling on the OCP71 the current is constant, but when the 
light is obscured the current falls. The resultant current flow into the 50 uF 
condenser causes the OC71 transistor current to rise and operate the relay. The 
CV448 germanium diode prevents the condenser from developing a reverse 
charge when the light increases and thereby increases the speed of operation of the 
circuit. The 2 mA meter is required when setting up the apparatus; it enables 
the lamp and photocell to be correctly aligned, since the reading is maximal when 
the two are exactly in line with each other. 


Fic. 2. The circuit of the photocell amplifier. This includes the primary relay, but not 
the recording system. 


The red light is obtained by running the lamp far below its rated voltage. ‘This 
is achieved by a variable series resistance, which is increased until the meter 
current is reduced to a suitable value. Since the amplifier needs a certain change of 
photocell current in order to operate the relay, it will be obvious that the actual 
steady current required for reliable operation will depend, in a particular case, on 
a number of factors—the size of the animal, for example, will determine the fraction 
of the beam interrupted. Generally the steady current is set at about 0-5 mA. 
This corresponds to about 0-5 V on the lamp, which gives only a dim red glow 
from the centre of the filament. 

The recording system can be of several types; the relay at present being used to 
operate a simple marker on a smoked drum. Clearly many different systems are 
available. 

Two such units have been in continuous use for over six months recording the 
rhythmic activity of cockroaches. They differ from the foregoing description only 
in that the power supply is derived from the A.C. mains by a transformer and 
rectifiers; an addition which is convenient where the apparatus is not required to 
be portable and self-contained. 


REFERENCE 
WIGGLESWoRTH V. B. (1953) The Principles of Insect Physiology. Methuen, London. 
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THE INFLUENCE OF DIETARY AMINO ACIDS ON THE 
BLOOD AMINO ACIDS OF THE GERMAN COCKROACH, 
BLATTELLA GERMANICA (L.) 


JACQUES L. AUCLAIR+ 
Department of Entomology, Cornell Univ ersity, Ithaca, N.Y. 


(Received 22 August 1958) 


Abstract—Amino acids were fed to the German cockroach, Blattella germanica 
(L.), and a semi-quantitative analysis of the free amino compounds of the blood of the 
roach was made by paper chromatography. The results indicate that certain dietary 
amino acids may influence the quality and concentration of amino acids in the blood. 
x-Amino-butyric acid, hydroxyproline, phenylalanine, and taurine normall. absent in 
the blood may be detected in it if given in the diet. pL-Homoevstine is apparently not 
absorbed through the gut. pt-Methionine can give rise in the blood to x-amino- 
butyric acid and can increase the blood content in lvsine and histidine. The meta- 
bolism of p-glutamic acid is different from that of L-glutamic acid. Feeding experi- 
ments involving L-cystine, $-alanine, and pL-serine suggest that the metabolism of 
these three compounds is interrelated. When L-glutamic acid, L-glutamine, «- 
ketoglutaric acid, pL-alanine, pI -aspartic acid, and L-asparagine were fed respectively, 
the results from the blood analyses suggested the existence in the roach of a deamination 
and transamination scheme similar to that demonstrated in mammals. 


INTRODUCTION 
‘THE importance of amino acids in insect nutrition is well established and several 
amino acids are essential for the normal growth of insects (e.g. ALBRITTON, 1954; 
LIPKE and FRAENKEL, 1956). Furthermore, since the review paper by Rapp (1947) 
on insect haemolymph, a large variety of free amino acids were identified as 
normal constituents of insect blood (e.g. Pratt, 1950: ROEDER, 1953; AUCLAIR and 
Duprevuit, 1953), but the intermediary metabolism of these compounds is still 
little known. The analysis of the free amino acids of the blood of the German 
cockroach, Blattella germanica (1..) made by Pratt (1950) indicated that alanine, 
arginine, asparagine, aspartic acid, %-alanine, cystine, glutamic acid, glutamine, 
glycine, leucine and/or isoleucine, lysine, methionine, proline, serine, threonine, 
tyrosine, and valine were normal constituents. This is a report on the influence of 


dietary amino acids on the blood amino acids of B. germamica (L.).  , 


MATERIALS AND METHODS 
The German roach was reared as described in an earlier paper (AUCLAIR, 
1959), and groups of about 75 adults were placed in battery jars. They were 
* This investigation was aided by a grant frora the Lalor Foundation, Wilmington, Delaware. 
The material presented herewith was part of a doctorate thesis submitted to the Graduate School, 


Cornell University, 1949, 
+ Entomologist, Science Service Laboratory, St. Jean, Qué., Canada. 
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starved during 2-5 days during which time they were given water only. The 
experimental groups were then fed a 2 : 1 mixture of dextrin and one amino acid 
during a period of several days, and the control groups were fed dextrin only. In 
a few subsequent experiments, the dextrin was replaced by the complete diet 
(AucLarr, 1959) which was given to the experimental groups as a 1 : 1 mixture 
with the studied amino acid. The control groups were given a 1: 1 mixture of the 
complete diet and dextrin. Blood samples of 50, 75, and 100 ul were taken from 
the experimental and control groups at 2-day intervals beginning with the first or 
the second day of the feeding period. It required the bleeding of from 10 to 30 
insects to yield the above amounts of blood, so that individual variations in 
metabolism were mostly eliminated. Bled insects were discarded and the same 
group of insects was not used for two different feeding experiments. ‘The blood 
samples were collected and processed as described by AucLAIR and DUBREUIL 
(1953) prior to chromatographic separation. ‘The method of paper chromatography 
as described by ConspEN et al. (1944) was used for the qualitative and semi- 
quantitative analysis of amino acids. ‘Two-dimensional chromatograms of blood 
samples from the experimental and control groups were prepared simultaneously 
and the relative size and intensity of the spots determined visually. ‘The sensi- 
tivity of the ninhydrin reaction on the chromatograms being known (Pratt and 
Avuc.air, 1948), the missing compounds were therefore at a lower level than the 
minimum quantity detectable by the ninhydrin reaction. 


RESULTS AND DISCUSSION 

The blood of control as well as experimental insects indicated the presence of 
the amino acids reported by Pratr (1950) and the following variations: The 
occasional absence of aspartic acid, glutamic acid, cystine, and arginine; slight 
variations in the intensity of the spots (even between controls) indicating a 
variation in the blood amino acid concentration between groups. However, the 
results which were most obvious are condensed in Table 1, and they indicate that 
certain dietary amino acids may influence the quality and concentration of amino 
acids in the blood, whereas others seem to have little or no influence. Compounds 
such as «-amino-butyric acid, hydroxyproline, phenylalanine, and taurine, not 
recorded by Pratt (1950), may be detected in the blood if they are fed to the 
insect. They could be used as tracers to study the physiology of the digestive 
tract and the intermediary metabolism. 

The diets containing the hydrochloride amino acids or DL-aspartic acid had a 
poor palatability, whereas the diets containing sulphur amino acids or DL-serine 
had a high palatability. Homocystine was eaten greedily and yet analyses revealed 
no change whatever in the blood picture. The faeces of homocystine-dextrin fed 
insects were white like the diet and gave a very strong ninhydrin reaction. This 
suggests that homocystine is not absorbed into the blood. Homocystine has 
apparently not been recorded as yet from insect blood (Roeper, 1953). ‘The 
varying increases in blood content in the other compounds fed may be due to 
differences in palatability, in rate of absorption, of conversion and utilization in 
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intermediary metabolism, or of excretion. The blood increases in amino compounds 
were usually more pronounced in the first analysis than in the subsequent ones. 
This may be explained by the influence of the starvation period on the insect’s 
appetite prior to experimental feeding. 


TABLE 1—CHANGES IN THE FREE AMINO COMPOUNDS OF THE BLOOD OF B. GERMANICA FED 
INDIVIDUAL AMINO COMPOUNDS 


No. Changes in the blood free amino compounds 


Palata-| of — 
Amino compound fed bility Relative Slight increase (incr.) or 
t increase in decrease (decr.) in other 
compound fed amino compounds 


glutamine incr. (1)t 


serine decr. (2) 


pL-Alanine fair 
6-Alanine low 
DL-«-Amino-butyric acid* fair 
L-Arginine HC] poor 
L-Asparagine fair 


lysine incr. (1) 
glutamine incr. (2) 
aspartic incr. (1) 


ww 


pL-Aspartic acid poor 
L-Cysteine HCl poor 
L-Cystine high beta-alanine incr. (3) 
serine decr. (1) 
disappear (1) 
beta-alanine incr. (1) 


—, 


L-Cystine + DL-serine high 
p-Glutamic acid fair 
L-Glutamic acid fair 


glutamine incr. (2) 
alanine incr. (1) 
.-Glutamine fair proline incr. (1) 
Glycine fair 
-Homocystine* high 
.-Hydroxyproline* fair 
a-Ketoglutaric low 
.~Leucine fair 
.-Lysine HC1 poor 
-Methionine fair 


proline decr. (2) 
no test glutamic acid incr. (1) 


Nb 


lysine incr. (3) 
histidine incr. (2) 
“-amino-butyric incr. (2) 
-Phenylalanine fair 
Serine high 
Taurine* high 
pL-Threonine fair 
L-T yrosine fair 


NM Ww wd 


* Compound absent in normal B. germanica blood. 

+ Poor: little or not eaten—low: little eaten—fair: moderately eaten—high: greedily eaten. 

t The numbers in parentheses indicate the number of analyses in which the results were 
observed. 


Dietary D-glutamic acid produced a small increase of glutamic acid in the 
blood, but dietary L-glutamic acid produced an increase in glutamine and alanine. 
This indicates once more the physiological significance of the spatial configuration 
of the amino group in the molecule. 
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Dietary alanine and «-ketoglutaric acid produced an increase in blood glutamine 
and glutamic acid respectively. Dietary L-glutamic acid produced an increase in 
blood glutamine and alanine. Dietary asparagine produced an increase in blood 
aspartic acid and glutamine. The relationships of these compounds in insects are 
probably identical to those reported in some plant and animal tissues (BRAUNSTEIN, 
1947; BaLtpwin, 1957) where transaminases have been shown to catalyse the 
reactions: 


GLUTAMINE 


oxaloacetic acid + GLUTAMIC ACID pyruvic acid 


ASPARTIC ACID x-KETOGLUTARIC + ALANINE 


ASPARAGINE 


The compounds printed in capital letters were fed to the insects. The reversible 
reaction, aspartic acid = asparagine, has not been demonstrated in mammals but 
is indicated in insects by the fact that asparagine is readily synthesized in the 
German roach (AucLatr, 1949) and that ingested asparagine produced an increase 
in blood aspartic acid (Table 1). Likewise, BHEEMEswWar and SREENIVASAYA (1952) 
presented evidence for the presence of a transaminase in the haemolymph, intestine, 
and silk gland of the silkworm, Bombyx mori (L.), which catalyses the following 
reaction : L-aspartic acid-+ «-ketoglutaric acid = oxaloacetic acid-+- L-glutamic acid. 
Kitpy and Nevitie (1957) working on the desert locust, Schistocerca gregaria 
Forsk., reported that homogenates of fat body catalyse transamination reactions 
between x-ketoglutarate and several amino acids, and that fat body, Malpighian 
tubes, and mid-gut wall homogenates are able to convert glutamic acid into 
glutamine. 


Dietary cystine produced an increase in $-alanine and a decrease in serine, 
-alanine produced a decrease in serine, and serine did not produce an increase in 
the above two compounds. These results suggest that the metabolism of cystine, 
serine, and $-alanine is interrelated. This is to be expected from their molecular 
structure. 

Methionine can be metabolized to «-amino-butyric acid in the German roach 
(Table 1), again showing a similarity with the findings in mammals (Dent, 1947). 
Where «-amino-butyric acid is absent from the diet but occurs naturally in insect 
blood (e.g. in three insect species, Pratt, 1950), it may be assumed that its main 
source is methionine. Methionine also has an influence on the lysine and histidine 
content of the blood (Table 1). 


Acknowledgements—The writer wishes to express his sincere gratitude and appreciation 
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PIGMENT COMPOSITION IN THE PUPAL CUTICLES OF 
TWO COLOUR TYPES OF THE SWALLOWTAILS, PAPILIO 
XUTHUS L. AND P. PROTENOR DEMETRIUS CRAMER 


EIJl OHNISHI* 


Department of Biology, Faculty of Science Tokyo Metropolitan University, Setagayaku, 
Tokyo, Japan 


(Received 25 August 1958) 


Abstract—In the swallowtails of the genus Papilio, there are two pupal types, green 
and brown. These types are determined just before pupation by environmental 
stimuli (OHNIsHI and Hipaka, 1955). The pigment composition of the pupal cuticles 
of these types was analysed. In the green pupae three carotenoids, $-carotene, lutein, 
and an unknown carotenoid were found. Neither $-carotene nor lutein was detected 
in the brown pupae, but an astaxanthin-like carotenoid and a group of previously 
unknown carotenoids, which were called “‘papilioerythrins’’, were found. A blue bile 
pigment, mesobiliverdin, was extracted from both types of pupae. Its content in the 
brown pupae was 66 per cent (P. xuthus) or 34 per cent (P. protenor demetrius) of that 
in the green pupae. Three pterins, xantho-, tsoxantho-, and leucopterin, were detected 
in the cuticles of both types by paper chromatography. These findings are discussed 
in connexion with a hormone, which is secreted from the prothoracic ganglion and is 
the immediate factor controlling these pupal types. 


INTRODUCTION 


IN the pupae of Papilionid butterflies, there are two colour types, green and brown. 
These two colour types differ distinctively not only in their colouration but also in 
their morphological aspects, although intermediate types appear in some species 
such as P. xuthus L. This paper deals with the pigment composition of the pupal 
cuticles of the two colour types in the swallowtails, Papilio xuthus L. and P. 
protenor demetrius Cramer. 

It has long been known that some butterflies possess the ability of adjusting 
their pupal colouration in response to environmental stimuli. This phenomenon 
has mostly been studied in Pieris, Vanessa, and Papilio. In Pieris, the colour types 
of the pupa seem to be determined by the colour of the light received by the eyes 


of the pupating larva, and some authors claimed that yellow, green, and especially 


orange light induce the production of green pupae; whereas other coloured light, 
such as red, brown, or purple causes greyish pupae (cf. WIGGLesworTn, 1953). 
In the swallowtails belonging to the genus Papilio Woop (1867) and BarBer 
(1874) described the change of pupal colouration in response to the colour of the 
sites where they pupate. But a more recent study (Sevastopu.o, 1947) failed to 
* Present address: Kerckhoff Laboratories of Biology, California Institute of Technology, 


Pasadena, California, U.S.A. 
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show any relationship between the types of the pupae and the colour of the con- 
tainers where they were forced to pupate. 

In 1955, using P. xuthus and P. protenor demetrius, OuNtsHi and HipaKa were 
able to show that pupae which have pupated on green twigs of the food plant are 
always of the green type, while those pupating on dead branches are of the brown 
type. Further, it was shown that the same relation also holds even in darkness, 
indicating that visual perception is not so important for the determination of the 
pupal types as has hitherto been believed. Instead, some unknown sensory system 
is concerned in the mediation of the environmental stimuli. H1ipaKa (1956) 
suggested that the olfactory sense is responsible. IsHizaki and Kato (1956) 
reported that low temperature, darkness during the larval life, and low humidity 
at the time of pupation increased the production of orange type pupae in Papilio 
vuthus. 

Analysis of this phenomenon from the physiological viewpoint has been made 
by Hipaka (1956), who was able to show that hormonal control was involved in 
the determination of pupal types. Hipaka showed by his ligation and transplanta- 
tion experiments that the environmental stimuli, which are received by some 
receptors and mediated by the nervous system, cause the secretion from the 
prothoracic ganglion of a hormone, which is the immediate factor in the deter- 
mination of pupal types. 

As a first step towards the understanding of the phenomenon at a biochemical 
level, the present author analysed the pigment composition of the pupal cuticles of 
both pupal types, using P. xuthus and P. protenor demetrius as materials. Although 
the small amount of material did not allow a detailed analysis of the individual 
pigments, the results so far obtained are nevertheless of interest. 

The pigmentary system of the green pupae is a typical “insectoverdin”’ type, 
which is common among green insects such as locusts or mantis (JUNGE, 1941; 
Goopwin, 1952). The term “insectoverdin”’ was introduced by JUNGE to designate 
the green pigment complex that consists of blue and yellow chromoproteins, the 
prosthetic group of the blue protein being a bile pigment and that of the yellow one 
carotenoid(s). ‘The blue chromoprotein, a globulin, was extracted from the cuticles 
of the green pupae, and the prosthetic group, separated from the protein by acid 
treatment, was analysed. Judging from its chemical and spectrophotometrical 
nature, it seemed to be identical to mesobiliverdin, which is always encountered 
in the insectoverdin complex (Goopwin, 1952). 

The carotenoids, extracted from the green pupal cuticles of the two species, 
could be differentiated into two major and one minor components by chroma- 
tography. The two major carotenoids were identified as $-carotene and lutein 
(xanthophyll) by their absorption spectra in various solvents and other chemical 
properties. Major pigments responsible for the colouration of the brown pupae 
are a bile pigment, carotenoids, and melanin or quinone-tanned protein. Neither 
lutein nor $-carotene could be extracted from the cuticles of the brown pupae 
Instead, an astaxanthin-like carotenoid and a group of previously unknown caro- 
tenoids, tentatively called “‘papilioerythrins” in this paper, were obtained from them. 
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In view of the fact that the two pupal types are determined by the environmental 
factors shortly before the pupation and are genetically identical, it is quite interest- 
ing to find entirely different groups of carotenoids in the cuticles of the two pupal 
types. Three pterins were found in both pupal types, although their contribution 
to the pupal colouration seems to be negligible. ‘They are considered to be 
isoxantho-, leuco-, and xanthopterin from their R, values on paper chromatography. 


MATERIALS AND METHODS 


Materials 
Eggs and larvae were collected from the field and reared on food plants, which 
were mostly the leaves of “‘Karatachi”’, Poncirus trifoliata L.. Pupae were dissected 
and cuticles were separated from other tissues by scraping and washing with 
running water. The cuticles were then dried in the air and stored in a desiccator. 


Methods 
(a) Extraction and chromatography of carotenoids 


The dried cuticles were crushed and ground to powder. The powder was 
moistened with a few drops of diluted acetic acid and extracted repeatedly with 
acetone. The acetone extract was concentrated under reduced pressure in a 
stream of dried nitrogen. The concentrated extract was added to a small amount 
of light petroleum ether and washed with water. The extract was dried with 
anhydrous sodium sulphate and chromatographed on alumina (product of Wako 
Pure Chemicals, specially prepared for chromatography). Sometimes alumina, 
deactivated by methyl alcohol (Goopwin and SrisukH, 1949), was used as the 
adsorbent of the chromatogram. Each band on the chromatogram was cut out and 
eluted with petroleum ether containing either acetone or ethyl alcohol. Absorption 
spectra of the isolated pigments were measured by a Hitachi photoelectric spectro- 
photometer. All solvents used in these experiments were purified by distillation. 


(b) Extraction and isolation of bile pigment 


(1) Extraction of the blue chromoprotein. Powdered cuticles were extracted with 
N/10 sodium bicarbonate, and the extract was mixed with ammonium sulphate to 


‘5 saturation to remove some inert protein. The concentration of ammonium 
sulphate was then increased to } saturation, which is sufficient to precipitate the 


chromoprotein. The precipitate was dissolved in water and the precipitation by 


ammonium sulphate was repeated once more. 

(2) Isolation of the prosthetic group, the bile pigment. When the aqueous solution 
of the chromoprotein was acidified with acetic acid, the prosthetic group was 
detached from the protein and could be extracted with diethyl ether. The ether 
extract was washed with water and concentrated im vacuo. The residue was 
dissolved in methyl alcohol or ethyl acetate. The pigment was further purified 
either by adsorbing onto acid washed talc and eluting it with acidic alcohol, or by 
washing the ethyl acetate solution with N/10 NaOH and water. 
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(c) Separation and identification of pterins by paper chromatography 

Pterins were extracted with N/10 sodium bicarbonate from the powdered 
cuticles. After precipitating the chromoprotein by the addition of ammonium 
sulphate to } saturation, solid ammonium sulphate was further added to saturation 
and the precipitated proteins were centrifuged off. The supernatant was extracted 
with liquid phenol, and pterins were further transferred to the aqueous layer by 
the addition of diethyl ether (CRamMer, 1948). The aqueous extract was applied 
to paper chromatography. Five per cent sodium citrate or a mixture of n-butanol, 
acetic acid, and water were employed as the developer. Synthetic isoxantho-, 
leuco, and xanthopterin (kindly supplied by Prof. M. Akino) were applied 
simultaneously and their R, values and the colour of their fluorescence were 
compared. 


RESULTS 
(1) Carotenoids 


(a) Carotenoids in the cuticles of the green pupae. ‘The most remarkable difference 
in the pigment composition between the two pupal types is that found in the 
composition of carotenoids. As shown in Fig. 1, the carotenoids of the green 
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Fic. 1. Schematic representation of chromatograms of carotenoids obtained from pupal 
cuticles of Papilio and from the lobster, Panulirus japonicus. (A) Carotenoids obtained from 
the green pupae of P. xuthus L. Bands are those of lutein, unknown carotenoid, and 8- 
carotene (from top to bottom). (B) Carotenoids extracted from the green pupae of P. 
protenor demetrius Cramer. Carotenoids adsorbed are the same as those of P. xuthus green 
pupae. (C) Carotenoids obtained from the brown pupae of P. xuthus L. Bands are those of 
px-1, px-2, and are astaxanthin-like carotenoid. (D) Carotenoids obtained from the brown 
pupae of P. protenor demetrius Cr. Bands are those of pp-1, pp-2, and an astaxanthin-like 
carotenoid. (E) Carotenoids obtained from the carapace and hypodermis of the lobster, 
Panulirus japonicus. Bands are those of astaxanthin and an astaxanthin ester. Adsorbent: 
alumina (column A, B), deactivated alumina (column C, D, E). Developer: petroleum 
ether (A, B), petroleum ether containing 0-5-5 per cent ethyl alcohol (C, D, E). 


pupae were separated into three bands on the chromatogram; yellow band on the 
top, orange-yellow band moving fast, and faint pink band below the yellow band. 
No remarkable difference in the pattern of the chromatogram was found between 
the green types of the two species employed. The orange-coloured carotenoid, 
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which was adsorbed at the lower part of the chromatogram, seems to be a hydro- 
carbon carotenoid from its epiphasic nature on partition between petroleum ether 
and 90 per cent methyl alcohol and its behaviour on chromatograms. The absorp- 
tion spectrum of the pigment resembled closely that of $-carotene. ‘Table I shows 
a comparison of the absorption maxima between the isolated pigment and a com- 
mercial sample of $-carotene (product of Dr. Th. Schuchardt, Munich). 


TABLE 1—ABSORPTION MAXIMA OF THE ISOLATED PIGMENT AND THOSE OF $-CAROTENE 


Solvent ) 
Petroleum ether 
Pigment (b.p. 40-60°C) Cs, 
| 
Pigment from P. protenor | | 
demetrius (426) 450 480 | 485 514 
P-carotene (product of 
Th. Schuchardt) (428) 452 481 | 
21 


| 
$-carotene (according to | 451 484 485 5 
Goopwin, 1952) (450)*(478)* 


* Numbers in parentheses are the values obtained using hexane as the solvent. 


Extinction 


400 450 


Wavelength, my. 


Fic. 2. The absorption spectrum of the carotenoid extracted from the green pupae of 


P. protenor demetrius Cr. and supposed to be $-carotene (solid line), and that of 8-carotene, 
the product of Schuchardt (broken line). Solvent is petroleum ether (b.p. 40-60°C). 


Slight displacement of the pupal pigment towards shorter wave-lengths is 
probably due to the contamination of isomers, such as neo-%-carotene B, which 


might be produced during the procedure of isolation. Identity of the pupal pigment 


with {-carotene was confirmed by mixed chromatography. Mixture of the two 
pigment samples, the pupal pigment and the commercial sample, did not separate 
after chromatographing through a long column (20 cm), using petroleum ether 
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containing 0-5 per cent (v/v) acetone as the developer. The yellow carotenoid, 
which was adsorbed on the top of the column, was hypophasic on partition between 
petroleum ether and 90 per cent methyl alcohol. The absorption spectrum 
resembled closely that of lutein (Fig. 3). 


TABLE 2—ABSORPTION MAXIMA OF THE ISOLATED PIGMENT AND THOSE OF LUTEIN 


Solvent 
Pigment (b.p. 40-60°C) 


Pigment from P. protenor 
demetrius 

Lutein (according to 
KARRER and JUCKER, 
1950) 


TABLE 3—RELATIVE ABUNDANCE OF $-CAROTENE AND LUTEIN 
CUTICLES OF THE TWO SPECIES 


Species 
P. xuthus P. protenor 
Carotenoid demetrius 


f-carotene 56 per cent 34 per cent 
Lutein 44 per cent 66 per cent 


The positions of the absorption maxima in two solvents are presented in Table 2, 
together with the value of lutein described in the literature. The positions of the 
maxima in petroleum ether differed slightly from those described in the literature, 
presumably owing to the difference in the composition of petroleum ether, as those 
obtained in carbon disulphide approximated closely to those described in the 
literature. The third component, which was adsorbed just below the lutein band 
on the chromatogram, was epiphasic on partition between petroleum ether and 
90 per cent methyl alcohol. The absorption spectrum of the isolated pigment 
somewhat resembles that of astaxanthin as it is bell-shaped and had a single maxi- 
mum (Fig. 3, dotted line), but the position of the maximum is different from it 
(maximum of the pupal pigment: 454 mu; astaxanthin ester from the lobster, 
Panulirus japonicus, 464 my in petroleum ether). Relative abundance, 
roughly estimated by their optical density at maxima, of $-carotene and lutein in 
the cuticles of the two species is presented in Table 3. As the quantity of the 
third component was very slight, it is neglected here. 

(b) Carotenoids in the cuticles of the brown pupae. The pigments of the brown 
pupae were adsorbed on the top of the chromatographic column and did not move 
when petroleum ether only was used as the developer (adsorbent: deactivated 
alumina). However, the carotenoids separated into three components when a 


cs, 
7 
442 472 | 445 477 509 4 
447°5 477-5 445 477 508 
2 
- 
4 
| 
: 


OHNISHI 


small amount of acetone or ethyl alcohol was mixed with petroleum ether of the 
developer. 


Extinction 


400 450 


Wavelength, my 


Fic. 3. The absorption spectrum of the carotenoid obtained from the green pupae of 


P. xuthus and supposed to be lutein (solid line), and that of the third component obtained 
from the green pupae of P. protenor demetrius (broken line), in petroleum ether (b.p. 40-60°C). 


Although the patterns of the chromatograms were quite similar in the two 
species, the nature of the carotenoids eluted from the column was slightly different 


Extinction 


450 400 450 
Wavelength, my Wavelength, mys 


SOO 


Fic. 4. The absorption spectra of papilioeryv- Fic. 5. The absorption spectrum of 
thrins px—1 (broken line) and px-2 (solid line) _papilioerythrin pp—2 obtained from the brown 
obtained from the brown pupae of P. xuthus in pupae of P. protenor demetrius, in petroleum 


petroleum ether (b.p. 40-60 °C). ether (b.p. 40-60°C). 


between the species in respect to their absorption spectra and their nature on 
partition between petroleum ether and 90 per cent methyl alcohol. The two 
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carotenoids eluted from the upper two bands have quite similar absorption spectra 
in both species. ‘This fact seems to indicate that they have closely related chemical 
constitutions. Although there is a slight difference between the species, the absorp- 


tion curves of these carotenoids are unique (Fig. 4 and 5). This group of pigments 


‘TABLE 4—ABSORPTION MAXIMA OF PAPILIOERYTHRIN 


Solvent Absorption maxima 

| (415-20) +46 468 
Cs, | (445-50) 478 502 
Benzene (435) 462 484 


is tentatively called ‘“‘papilioerythrins” in this paper. Papilioerythrins extracted 
from the cuticles of P. xuthus are called papilioerythrin x-1, papilioerythrin x-2 
(abbreviated as px-1 and px-2) and those obtained from P. protenor demetrius 
are called pp-1, pp-2. The numbers given after the hyphen express the order on 
the chromatogram (from top to bottom). The pigment px-1 and px-2 were both 
hypophasic on partition between petroleum ether and 90 per cent methyl alcohol. 
Their absorption spectra showed no significant difference (Fig. +), and the positions 


450 500 
Wavelength, 

Fic. 6. The absorption spectrum of astaxanthin-like carotenoid, obtained from the 
brown pupae of P. xuthus and that of astaxanthin ester obtained from the lobster, Panulirus 
japonicus. The values of extinction of the pupal pigment are indicated by the mark (x), and 
the values of astaxanthin ester of the lobster are shown by the mark (0). The scales of both 
carotenoids are adjusted to make values of Ema, equal. The solvent is petroleum ether (b.p. 
40-60 °C). 


of the absorption maxima are presented in Table 4. The pigment pp-1 was 


epiphasic on partition between petroleum ether and 90 per cent methyl alcohol. 


but pp-2 was hypophasic. As the quantity of pp-1 was slight, it was not feasible 
to trace its whole spectral curve, but the positions of the absorption maxima are 
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the same as those of pp-2. ‘The maxima of the curve, shown in Fig. 5, are at 444 mu 
and at 470 mu in petroleum ether (b.p. 40-60°C). 

An astaxanthin-like carotenoid, which was extracted from P. xuthus cuticles 
and adsorbed at the lowest part of the column, was epiphasic on partition between 
petroleum ether and 90 per cent methyl alcohol. The absorption spectrum of this 


pigment overlapped completely with that of astaxanthin ester, which was obtained 


5—RELATIVE ABUNDANCE OF CAROTENOIDS IN THE CUTICLES OF 
THE BROWN TYPE PUPAE 


TABLE 


P. protenor demetrius brown type 


P. xuthus brown type 


per cent Papilioerythrin p-1 14-5 per cent 


Papilioerythrin x-1 5-3 
Papilioerythrin x-2 63-5 Papilioerythrin p-2 40-0 
\staxanthin-like 31-2 Astaxanthin-like 


in a crystalline form from the carapace and hypodermis of the Japanese lobster, 
Panulirus japonicus (Fig. 6). The astaxanthin-like carotenoid, obtained from the 


cuticles of P. protenor demetrius, was epiphasic on partition between petroleum 


ether and 90 per cent methyl alcohol. The absorption curve also resembled that 
of astaxanthin, but the shape of the top was broader than that of astaxanthin (Fig. 
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Wavelength, mys Wavelength, mys 
Fic. 7 The absorption spectrum of Fic. 8 The absorption spectrum of the blue 
istaxanthin-like carotenoid obtained from the chromoprotein in phosphate buffer (pH 70, dotted line) 
brown pupa ol P protenor demetrius mM ind absorption pectra of the bil pigment in methyl 
petroleum ether (b.p. 40-60°¢ alcohol (broken line) and in methyl! alcohol containing 5%, 


HC! (solid line 


7). The position of the maximum in petroleum ether was 455-465 mu. Relative 


abundance of these pigments in the cuticles of both species is shown in ‘lable 5. 


Rough estimates were made by comparing their optical density at their maxima. 
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(11) Blue bile pigment 


The absorption spectrum of an aqueous solution of the chromoprotein is shown 


in Fig. 8 (dotted line). The prosthetic group, a bile pigment, could be readily 


detached from the protein by making the solution acidic. The pigment was 
extracted with diethyl ether. ‘The pigment could be transferred from diethyl ether 
to 1 N NCI. The isolated pigment was positive in the Gmelin test and negative 


in the diazo reaction. The absorption spectra in various solvents besides those 


described above, indicate that the pigment is a kind of bile pigment of the bila- 
triene type (LeMBERG and Lecce, 1949). The positions of maxima in some solvents 
are compared with those of mesobiliverdin in ‘Table 6. 


TABLE 6 ABSORPTION MAXIMA OF THE ISO! ATED BILE PIGMENT AND THOSE OF mesoBILIVERDIN 


Absorption maxima in 


Pigment Methyl! alcohol 
Methyl alcohol containing Ether or 
5°, HCl 


dioxane 


Pigment from P. xuthus 372 650 362 690 373 650 


Mesobiliverdin 363 670 
(LeMBERG and Lecce, 1949) 

Mesobiliverdin 367 647 636 
(GOODWIN and Srisukn, 1951) 

Mesobiliverdin 364 650 


(WIELAND and Tartrer, 1940) 


By the addition of zinc acetate to the alcoholic solution of the pigment, the 


colour of the solution changed to green, indicating the formation of zinc-pigment 


complex. The absorption spectrum of the complex had two maxima at 640 mu and 


at 685 mu. The addition of a minute quantity of iodine to the ammoniacal alcoholic 


solution of the complex changed the colour of the solution to sky blue, and the 


solution emitted a strong red fluorescence. ‘These are indications that the zinc 
complex was changed to biliviolinoid type (LempBerGc and Lecce, 1949). The 
absorption maxima of this biliviolinoid complex was at 623 mu. All of these 


characters indicate that the pigment is mesobiliverdin. The only discrepancy 


between the isolated pigment and mesobiliverdin was the stability of the pigment 


in concentrated sulphuric acid at 100°C. When dissolved in concentrated sulphuric 


acid, the pigment exhibits a bluish green colour, which changed to green after 
10 min boiling, to olive green after 30 min, and to greenish olive after 1 hr at 100°C. 
According to WieLanp and Tartrer (1940), mesobiliverdin (pterobilin in their 
terminology) extracted from the wings of butterflies resisted the same treatment as 


long as 9 hr. But mesobiliverdin extracted from other sources was less stable 
(Junce, 1941; Goopwin and Srisuxn, 1951). 
Relative abundance of the pigment between the two pupal types was estimated 


by the following method: 500 mg of cuticle powder was placed in a small Soxhlet 
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and extracted for 3 hr using methyl alcohol containing 5 per cent HCl as the 
extractant. The extract obtained was placed in a refrigerator for one night, and 
the precipitate produced was centrifuged off. Optical density of the extract at 
640 my was taken as the measure of the content of the pigment. 

In P. xuthus, the content of the pigment in the brown pupae was about 66 per 
cent of that contained in the green pupae. In P. protenor demetrius the difference in 
the content between the types was more remarkable: the content in the cuticles of the 
brown pupae was only 34 per cent of that found in the cuticles of the green pupae. 


Pterins 

Judging from the behaviour on paper chromatograms and from the colour of 
their fluorescence, the cuticles of both pupal types seem to contain at least three 
pterins, xanthopterin, zsoxanthopterin, and leucopterin. Among these, isoxanthop- 
terin was most abundant and xanthopterin least abundant. No recognizable 
difference was found between the two pupal types in both species. 


DISCUSSION 

The biochemistry of insect pigments has been studied most extensively in the 
desert locust, Schistocerca gregaria F., and in the African locust, Locusta migratoria 
mivratorioides R and F, by GOODWIN and SrisuKH (1948-52, see Goopwin, 1952). 
They identified in the integument of locusts carotenoids (3-carotene and asta- 
xanthin), mesobiliverdin, insectorubin, melanin, pterins, and flavin, and they 
compared the pigment composition between so/itaria and gregaria phases. Locusts 
of phase solitaria ditter from gregaria locusts in the following respects: (a) no 
melanin is present even in hoppers, (b) the insectorubin content is somewhat 
reduced in Locusta and it is almost completely absent in Schistocerca, (c) insecto- 
verdin occurs in the haemolymph and integument. 

As regards the determination of these phases, many assumptions and hypotheses 
have been made since Uvarov first proposed his theory in 1921. ‘The main facts, 
which were proposed by Uvarov and accepted universally, are as follows: The 
gregaria phase hoppers live in dense swarms, whereas hoppers and locusts live in 
isolation in the solitaria phase. ‘This difference ultimately alters their morpho- 
logical and physiological characters as well as their behaviour. Recently, 
NICKERSON (1954) and JoLy (1954) found that the phases are, at least partially, 
controlled by an endocrine system (corpora allata). 

There are three common features in the pupal polymorphism of Papilio and 
the phases of Locusta or Schistocerca. ‘Vhese are as follows: 

(a) ‘The types or phases are determined by the environmental stimuli (they are 


not determined genetically), and the environmental stimuli do not exert their effect 


directly, as the effect of temperature on metabolism, but are received by some sense 
organ(s) and mediated by the nervous system. 

(b) Some endocrine system is involved. 

(c) The major differences in the pigment composition are the content of 
melanin and that of insectoverdin. 
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In Papilio, the pigment composition of the two pupal types differs not only in 
the content of melanin and mesobiliverdin, but also in the nature of the carotenoids. 
In the cuticle of the green pupae lutein and $-carotene were found. They derived 
undoubtedly from food plants, since animals cannot synthesize carotenoids de 
novo and these two are found most abundantly in plants (Goopwin, 1952). 

In the cuticle of the brown pupae new carotenoids, papilioerythrins, were found 
along with astaxanthin-like carotenoids. Although their chemical constitution is 
not known they are presumably the oxidized product of $-carotene and/or lutein. 
Oxidation of 8-carotene to astaxanthin in the egg of locust was shown by Goopwin 
(1949). ‘Therefore, it is reasonable to assume that %3-carotene and/or lutein are 


oxidized to astaxanthin-like carotenoid and also to papilioerythrins in the body of 


Papilio and that the oxidation takes place only in the presence of the hormone of 
prothoracic ganglion, since Hipaka (1956) showed that the green type 
pupa is the only type produced when the hormone is prevented from action by 
ligation or extirpation. Considering that melanin formation is also an oxidation 
process, it may also be suggested that the hormone accelerates biological oxidation 
in general. In this connexion, destruction of the blue chromoprotein by oxidation 
is also possible, since destruction of the blue pigment in locust haemolymph, 
perhaps by the indirect action of tyrosinase, was reported by Goopwin and 
SRISUKH (1951). 

Some authors have reported an accelerating or suppressing effect of pterins on 
melanin formation (IsaKa, 1952; Akrno and Isaka, 1957; PoLONovsk1, BUSNEL, and 
Bari, 1950), and others have stressed the significance of pterins in the mechanism 
of melanin formation im vivo (OsHIMA ef al., 1956). But insofar as the pupal 
pigmentation of Papilio is concerned, pterins seem to exert no marked effect on 
melanin formation, since there is no detectable difference in the nature and 
content of pterins between the two pupal types. 


SUMMARY 

(1) Pigment composition of the cuticles of two pupal types, the green and the 
brown type, in the swallowtails Papilio xuthus L. and P. protenor demetrius Cr. was 
studied. 

(2) The pigment of the green pupae was a typical “insectoverdin” complex, 
which is a mixture of blue and yellow chromoproteins. The prosthetic group of 
the blue chromoprotein is a bile pigment and that of the yellow one is a mixture 
of carotenoids. 

(3) The blue bile pigment is considered to be mesobiliverdin by its chemical 
and spectrographic properties. 

(4) The bile pigment was also extracted from the cuticles of the brown pupae, 
but its content was 66 per cent (in the case of P. xuthus) or 34 per cent (in the case 
of P. protenor demetrius) as compared with that contained in the cuticles of the green 
pupae. 

(5) Carotenoids extracted from the green pupal cuticles were separated into 
three components by chromatography. One of the two major carotenoids was 
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identified as 3-carotene and the other seemed to be lutein (xanthophyll) by their 
behaviour on partition between petroleum ether and 90 per cent methyl alcohol, 
and on chromatogram, as well as their absorption spectra. 

(6) Neither $-carotene nor lutein could be extracted from the cuticles of the 
brown pupae, but an astaxanthin-like carotenoid and a group of previously unknown 
carotenoids, which are termed “‘papilioerythrins” in this paper, were obtained. 
The absorption spectrum of the astaxanthin-like carotenoid, extracted from the 
cuticles of the brown pupae of P. xuthus, was identical with that of astaxanthin 
ester obtained in a crystalline form from the lobster, Panulirus japonicus. An 
astaxanthin-like carotenoid extracted from the brown pupae of P. protenor demetrius 
has an absorption spectrum which is similar to, but not identical with, that of the 
astaxanthin ester. Some spectral properties of papilioerythrins are described. 

(7) Three pterins, xantho-, isoxantho-, and leucopterin were detected by 
paper chromatography. Judging from their content in the cuticles, their contribu- 
tion to pupal colouration seems to be negligible. 

(8) hese findings are discussed in connexion with the possible action of the 
hormone which is secreted from prothoracic ganglion and is the immediate 


determinant of the pupal types. 
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Abstract—The « 
bathing fluid on the resting and action potentials of the cockroach giant axon have been 


ffects of varying the potassium and sodium concentrations in the 


examined by means of intracellular microelectrodes. Plotting the resting potentials 


against the logarithms of the external potassium concentrations resulted in a straight 


line in the concentrations higher than about 20 mM. The decrease in the sodium 


concentration had no appreciable effect on the resting potential, but effectively 


depressed the action potential. Plotting the reversed potentials against the logarithms 


of the external sodium concentrations resulted in a straight line, which diverged only 
slightly from the theoretically expected straight line having a slope of 59 mV for a 
tenfold 
ffectively by the sodium-deficient solution. It can safely be said that the overall result 


change in sodium. The rate of rise of the action potential was decreased very 


c 


constitutes strong evidence for the essential validity of the sodium theory in the 


cockroach giant axon. 


INTRODUCTION 


It has been demonstrated by many investigators that resting potentials of nerve 


and muscle fibres are dependent upon the external concentration of potassium 


ions, higher external concentrations causing a depolarization of the membrane (e.g. 
HaGrwara and WaTANaBE, 1954; HopcGkin, 1951: Hoyie, 1953, 1954). On the 
other hand, sodium ions have been known to be indispensable for maintaining 


excitability, the decrease in the external concentration of sodium ions below a 
critical level causing a reversible block of conduction (e.g. HopGKIN, 1951; Hoye, 


1953). A number of detailed analyses of membrane behaviour under various ionic 


environments have led to the conclusion that resting potential is produced by a 


concentration gradient of potassium ions inside and outside the membrane, 


whereas an action potential is generated by an entry of sodium ions into the fibre 


which is followed by an exit of potassium ions from the fibre (HopGkKIN, 1951; 
HopGKIN and Hux.ey, 1952a, b, c, d; HopGKIN et al., 1949, 1952). This theory 
of membrane potentials, the sodium theory, is based chiefly on the experiments 


with squid giant axons, so that it remains to be shown whether the sodium theory 


is also applicable to the insect axon. 


‘The importance of insect neurophysiology has much increased in recent years, 


for most of the synthetic insecticides developed recently are nerve poisons and 


knowledge of the mode of action of such insecticides is urgently required. In the 


146 


moe 

= 

he 

7 

; 
a 

* 

f 
q 


THE EFFECTS OF POTASSIUM AND SODIUM IONS ON THE COCKROACH GIANT AXON 147 


light of such views it seems worth while to study the electrical properties of insect 
nerve. ‘The magnitudes of the resting and action potentials of cockroach giant 
axons have been determined by BoisteL and Corasoeur (1954), CoraBorur and 
BotsteL (1955), and Yamasaki and Naranasui (1957). The effects of varying 
sodium and potassium ion concentrations in the bathing fluid upon resting and 
action potentials were studied. 


METHODS 


Male adults of the American cockroach, Periplaneta americana L., reared in the 
laboratory at a constant temperature of about 30°C, were used throughout the experiments. 
The giant axons in the abdominal nerve cord, which had been described by Roeper (1948), 
were used in the present study. 


Microelectrodes 


The microelectrodes employed were the same type as those used by Linc and Gerarp 
(1949) and Nastuk and Hopcktn (1950). They were drawn in a machine from hard glass 
tubing and filled with 3 M KCl. The microelectrodes having a resistance of 5-15 MQ 
were selected for the experiments. The external tip diameters of such microelectrodes were 
not measured exactly; preliminary observations revealed that they were of the order of 
0-5 to 1 


Recording apparatus 


Compensation circuits for improving high frequency responses have so far been 
devised by several workers (HAAPANEN and Orroson, 1954; MacNicHot and WAGNER, 
1954; Soims et al., 1953). Since the rate of rise of the action potential in the cockroach 
giant axon is as high as 550 V/sec (YAMASAKI and NARAHASHI, 1957), it is highly desirable 
to employ such a compensation device in order to record the true shape and magnitude 
of the action potential. A slightly modified circuit of the HAAPANEN and Orroson type 
(1954) was used in the present experiments in place of a simple cathode follower circuit 
which had been used in our previous work (YAMASAKI and NaRAHASHI, 1957). This 
compensation circuit made it possible for the time constant of the rising phase of square 
pulse applied to fall as short as 16-20 yesec when the microelectrodes having a resistance of 
5-15 M2 were employed. With this device graphical compensations made in our previous 
work were unnecessary. The grid current in the initial cathode follower stage of this 
circuit was of the order of 10~!A. 

\ microelectrode was connected to the input of this compensation circuit by means of 
a fine Ag-AgCl wire of about 100u diameter and 10 cm length. An Ag-AgCl rod of about 
2 mm diameter and 3 cm length was immersed in the bathing fluid as the indifferent electrode. 
The compensation circuit was connected to a d.c. amplifier, the output of which was then 
led to an oscilloscope. Calibration voltage was applied to the recording system through a 
low resistance which was inserted in the ground lead. 


Solutions 


The same Ringer's solution as that described in our previous paper was used as a 
bathing fluid in the initial stage of the present study (YAMASAKI and NaARAHASHI, 1957). 
However, it was found in the course of the present experiments that the axons swell slightly 
after being kept in the Ringer’s solution for a period of several hours. Such swelling is to be 
expected when the bathing solution is more hypotonic than the haemolymph serum. It 
has actually been shown that the haemolymph serum of the cockroach is isotonic to 224 
mM NaCl (Lupwie et ail., 1957). The components of Ringer’s solution were therefore 
modified in the later stage of the present study, the concentration of sodium ions being 
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increased. The compositions of the modified Ringer and that previously used (in brackets) 

as follows: 214 (159-6) mM Na’, 3-1 (3-1) mM 1-8 (1-8) mM Ca™, 216-9 (160-1) mM 

Cl’, 0-2 (0-2) mM H,PO’, and 1-8 (1:8) mM HPO"”,. These Ringer’s solutions have a pH of 
2 4 4 


2. With the modified solution the axons could be kept unchanged over a long period of 


Che kind of Ringer’s solution employed will be described in each section of the results 


Potassium-rich solutions were made by mixing Ringer’s solution with the isotonic 


potassium chloride solution. Potassium-deficient solutions were prepared separately 

lutions were ma le by addu solid sodiun chlorid to Ringer solution 
Sodiut leficient solutions were made by mixing Ringer's solution with the tsotonk 
choline chloride solution or the isotonic glucose solution 


Experimental procedure 


An isolated nerve cord was desheathed with fine needles at a small region of the con- 


nectives between the fourth and the fifth abdominal ganglia. The nerve preparation was 
her mmersed and fixed in the bathing fluid in a small Perspex chamber ‘The antenor 
region of the nerve cord from the metathoracic ganglion to the third abdominal ganglion 
was located out of the bathing fluid and electrical stimulation was applied to this region 
he microelectrode was inserted slowly into the desheathed region of the nerve cord at an 
ing t ipproxi ite] 45 to the longit idu il axis of the nerve cord 
l nethods were used for exchanging solution. In order to keep the microelectrode 
nserted in an axon, the bathing fluid had to be substituted for a test solution by slow and 
gentle continuous perfusion. A test solution was poured slowly into the nerve chamber, and 
an itlet attached on the side wall of the chamber allowed tl level of bathing fluid to be 
kept constant during perfusion. The perfusion was continued until the bathing fluid was 
cor plete replace 1 by the test solutior the tume required for the con piet replacement 
being checked usu re the solution containing ive ! the other set of the experiments An 
alternative method depended on a simple exchange of the bathing fluid with a test solution 
ising a pipette, so that the microelectrode which had once been withdrawn from the axon 
had to be impaled in other axons after replacing the bathing fluid. In any case the measure- 


ments of membrane potentials were made from five to ten minutes after substituting the 


bathir 4 fluid for the test solution 


All the experiments were conducted at room temperatures ranging from 23°C to 29 C 


temperature during any single series of experiments was never changed by over 1 C 


RESULTS 


Vormal resting and action potentials 


The magnitudes of the resting potential, action potential, reversed potential, and 


after-positivity, and the rates of rise and fall of the action potential are shown in 


Table 1. Only the values obtained from the axons immersed in the modified 
Ringer’s solution are listed in that Table. A typical picture of the action potential 
is given in Fig. 1. A total of 47 successful impalements of the axons immersed in 


the unmodified Ringer’s solution resulted in the following average values of the 


membrane potentials (ranges of the values): resting potential 70-1 mV (64-5 
79-0 mV), action potential 86-9 mV (80-1-103-7 mV), reversed potential 16°83 mV 


(10-7-26-4 mV), after-positivity 3-6 mV (0-7-2 mV), maximum rate of rise of 


action potential 926 V/sec (650-1455 V sec), and maximum rate of fall 397 V sec 
(264-534 V/sec). 

No significant difference was found for the resting potential, the after-positivity, 
and the rate of fall of the action potential between the two kinds of Ringer's 


tin 
in 


Fic. 1. An action potential of the cockroach giant axon recorded by means of an intra 


cellular microelectrode. Voltage calibration, 10 mV. Time marker, 0-5 msec 26 ¢ 
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solution, whereas the magnitude and the rate of rise of the action potential were 
somewhat higher when the modified Ringer's solution was used. These results 
are to be expected and will be discussed later. 


TaBLe 1—THE MEMBRANE POTENTIALS OF THI 


Tem- Resting Action Reversed \fter- 
yerature otential otential potential ,OSITIVIT 
I I 


(mV) (m\ (mV 
99-1 44 


90-9 7 
9) 


100 
92 
100 
97 
97 
SY 
9) 
101 
OX 
9] 
9) 
89 
SY 
91 
9S 
97 
SY 
97 
94 
94 


NN 


Ne 


~ 


5 
5 
5 
5 


24 
Mean 


bo 


~ 


Effect of varying the external concentration of potassium ions on resting potential 


All the experiments were carried out using the unmodified Ringer’s solution as 
a bathing fluid except for 220 mM potassium ions. Plotting the average values of 
the resting potentials against the logarithms of the external potassium concentra- 
tions resulted in a curve illustrated by Fig. 2. In the concentrations higher than 
about 20 mM the observed values fell close to a straight line. In the concentrations 
less than 3-1 mM no appreciable difference was found among the observed values. 

Although no detailed observations were made on the change in action potential 
under various concentrations of potassium ions, it was usually observed in the 
course of the above-mentioned experiments that residual small action potentials 
appear on stimulation even in the severely depolarized axons. The nature and 
mode of production of such residual action potentials will be discussed later. 
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Effect of varying the external concentrations of sodium ions on resting and action 


potentials 

In order to compare the membrane behaviour of the cockroach giant axons 
under various external concentrations of sodium ions with those of giant axons of 
the squid, Loligo, the present experiments were carried out along the same line as 
the experiments with squid axons (HODGKIN and Katz, 1949a). 


terr tossiurr ncoentro 


Fic. 2. Effect of varying the external concentration of potassium (abscissa) upon 


resting potential (ordinate) 


Fic. 3. Change in action potential after perfusing the axon with the isotonic glucose solu- 
tion. Record 1 indicates a normal action potential recorded immediately before perfusion. 
2-7 ind 4 min, 4+ min 30 sec, 5 min, 5 min 30 sec, 5 min 45 sec, and 6 min after the 


indicate 
perfusion respectively. The unmodified type of Ringer's solution (159-6 mM sodium) 


Voltage calibration, 10 mV. Time marker, 0-5 msec 24°C. 


(a) Effect of perfusing the sodium-free solution. The effect of sodium-free solution 
was examined by allowing the axon to be perfused by an isotonic glucose solution. 
The unmodified Ringer’s solution was used in this case. The changes in action 
potential are shown in Fig. 3. Here the action potentials were traced from the same 
base-line, because it was found later that the resting potential undergoes little 
change upon varying the external sodium concentration. Record 1 shows a normal 
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action potential of the axon immersed in Ringer’s solution. After taking this 
record the perfusion of the isotonic glucose solution was started. The action 
potential progressively decreased in magnitude and became double-peaked in 
appearance. ‘The second peak delayed progressively and finally disappeared. The 
first peak further decreased in magnitude only very slowly and also disappeared 
completely when the axon was allowed to be in contact with the sodium-free 
solution for a long period of time. When the normal Ringer's solution was restored 
immediately after the disappearance of the second peak, the action potential 
recovered to a value which was close to that initially observed. 

It seems convenient to consider here the mechanism for the production of a 
double-peaked action potential. The fact that the residual deflexion or the first peak 
has a lower amplitude and longer duration than the normal action potential 
strongly suggests the possibility that this residual deflexion is due to electrotonic 
spread from the part of the axon other than the point of impalement. Since the 
nerve preparation was only partly desheathed to make the impalement of the micro- 
electrode easier, it is reasonable to suppose the origin of such a residual deflexion 
to be near the boundary between the intact and the desheathed part of the nerve 
if the sheath behaved as a strong barrier against the penetration of sodium and 
potassium ions. 

For these reasons some observations were made on whether the nerve sheath 
was a barrier or not. ‘The undesheathed nerve preparation was immersed in the 
isotonic glucose solution, and its excitability was examined from time to time by 
lifting the nerve up from the solution and observing the action potentials on 
stimulation by external electrodes. Immediately after applying the isotonic 
glucose, the magnitude of the action potential increased somewhat, which was 
undoubtedly due to the decrease in short-circuit resistance between the two 
recording electrodes. ‘The action potential was kept unchanged for a long period 
of time after the application of the isotonic glucose, but a block was finally caused. 
The time necessary for the complete block was very different in each preparation, 
being of the order of one to several hours. Thus it was clearly demonstrated that 
the nerve sheath behaves as a strong barrier against the penetration of sodium 
ions, which is in good agreement with the experiments of TWarRoG and ROEDER 
(1957) on the cockroach nerve. 

In view of such evidence it seems reasonable to consider that the residual 
deflexion is almost certainly due to electrotonic spread from the part of the axon 
where the sheath is left intact. ‘The residual deflexions observed with the potassium- 
rich solution would be explained similarly. 

There is some possibility of saltatory conduction beyond the desheathed and 
blocked region of the axon. If this did occur one could record electrotonically 
two action potentials generated before and after saltatory conduction. 

For these reasons the action potentials showing two distinct peaks are scarcely 
worth considering because they do not generate at the point of impalement. ‘There- 
fore, the measurements were made on the action potentials which did not show 


two distinct peaks. Careful observations of series of records such as Fig. 3 revealed 
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that although the rate of rise of the action potential decreased rapidly when the 
magnitude of the action potential decreased, the rate of fall of the action potential 
decreased much less. These events are illustrated by Fig. 4. A comparable 
decrease in the maximum rate of fall with that in the magnitude implies the possi- 
bility that the former is an inevitable consequence of the latter. On the other hand, 
an additional mechanism must be involved in the decrease in the maximum rate of 


rise. 


Time after the start of perfusior 


Fic. 4. Decrease in magnitude (triangles) of action potential, and in rates of rise (solid 
circles) and fall (hollow circles) of action potential after perfusing the axon with the isotonic 
glucose solution. The normal values obtained immediately before perfusion were taken as 


100 These measurements were made on the same experiment shown in Fig. 3. 


Fic. 5. Changes in action potential after perfusing the axon with sodium-deficient 
(107 mM) (a) and the sodium-rich (315 mM) (b) Ringer’s solution. Records 1 and 2 indicate 
before and after perfusion respectively. The modified Ringer’s solution (214 mM sodium) 
was used as a normal! bathing solution. (a) and (b) were obtained from different axons. Voltage 


calibration, 10 mV. Time marker, 0-5 msec 24-5°C. 
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Another feature to be noted is that the after-positivity is only slightly affected 
by the sodium-free solution. 


(b) Effect of varying the sodium concentration. In this series of experiments 
choline chloride was exclusively used for maintaining the isotonicity of the sodium- 
deficient Ringer's solution. Choline chloride was shown to be inert in the case of 
squid giant axon (HODGKIN and Katz, 1949a). The modified Ringer’s solution was 
mainly employed as a bathing fluid. 

Examples of the changes in action potential following treatment of the axon 
with the low-sodium and high-sodium Ringer’s solutions are illustrated by Fig. 5. 
It can be seen that the magnitude and the rate of rise of the action potential are 
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mV 
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Membrane potential 


External sodium concentration, mM 


Fic. 6. Effect of varying the external concentrations of sodium (abscissa) upon resting 
potential (hollow circles) and reversed potential (solid circles) (ordinate). The broken line 


is drawn according to equation (2), which has a slope of 59 mV for a tenfold change in 


sodium concentration. The solid line is drawn through the observed values of the reversed 


potential excluding the lowest value. The modified Ringer’s solution was used as a normal 
bathing solution. 


dependent upon the external sodium concentration, the low-sodium solution 
causing the decrease and the high-sodium solution causing the increase. Such 


behaviour of the active membrane becomes clearer when the av erage membrane 


potentials are plotted against the logarithms of the external sodium concentrations 


(Fig. 6). The average values of the resting potential are also included in this figure. 

According to the sodium theory (HopGKIN, 1951; HopGKIN and Karz, 1949a), 
the potential difference across the active membrane should be given by the equi- 
librium potential for sodium, Fy,: 


where R is the gas constant, 7 is the absolute temperature, F is the Faraday, and 


log, (1) 


[Na]; and [Na], are sodium concentrations, or, more strictly, sodium activities, 
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in the axoplasm and external solution respectively. Hence the change in reversed 
potential, AE, which results from an alteration of external sodium should be 


given by equation: RT [Na], 


(2) 


where E, and Ey are the membrane potentials measured in test and Ringer's 
solutions respectively, and [Na], and [Na], are the sodium concentrations in test 


and Ringer’s solutions respectively. 

A slope of 59 mV for a tenfold change in sodium concentration was therefore 
drawn by a broken line, in Fig. 6. Since the average temperature of the present 
experiments was approximately 26°C, the value of 59 mV was adopted instead of 
58 mV. Although all the data excluding the lowest sodium concentration fell close 
to the solid line rather than to the theoretically expected broken line, the diver- 
gences of the observed values from the theoretical line were not so marked. ‘The 


active membrane potential for 35 mM sodium diverged considerably from the 
solid line. This result seems to be due partly to the fact that the action potentials 
were liable to decrease in magnitude progressively when the sodium concentration 


was as low as about 35 mM. 
The magnitude of the resting potential underwent little change even when the 


external sodium concentration was varied over a wide range. 


DISCUSSION 


The membrane potentials measured with the unmodified Ringer's solution 


at 19°C and with their distortion compensated graphically are as follows: resting 


potential 64-5 mV, action potential 92-2 mV, reversed potential 27-7 mV, after- 


positivity 2°83 mV, maximum rate of rise of action potential 548 V sec, and maxi- 
mum rate of fall 278 V/sec (YAMASAKI and NARAHASHI, 1957). Hence the present 


experiments give slightly higher average values for the resting potential, the after- 


positivity, and the maximum rates of rise and fall of the action potential, and give 


a slightly lower average value for the action potential. ‘The higher rates of rise and 


fall seem to be reasonable, for the temperatures in the present experiments are 


considerably higher than those in the previous ones; a similar event was obser ed 


in squid giant axon (HoDGKIN and Katz, 1949b). It seems safe to assume that the 


present results obtained by electrical compensations for improving high frequency 


responses, especially with regard to the action potential, are more reliable than the 


previous ones obtained by graphical compensations. 


The measurements of the membrane potentials of the cockroach giant axons 
were also made by BoisteL and Corasorur (1954) and CoraBoevt and BoIsTEL 
(1955). They obtained the average resting potential of 78 mV (60-89 mV) and 


the average action potential of 85 mV (65-92 mV) using the Ringer’s solution 


which contained almost the same ionic compositions as that of our unmodified 


type. The average value of the action potentials they obtained is in good agreement 


with that of the present experiments conducted with the unmodified Ringer’s 


solution, while the range of their values is somewhat wider and shifts to the lower 
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side. ‘The average value of the resting potentials they obtained is somewhat 
higher and the range of their values is somewhat wider than those of the present 
experiments. 

Under such considerations as these, it would be worthwhile to compare the 


more reliable present values with the theoretical ones, though such a comparison 


has been attempted in our previous paper using the less reliable observed values 

(YAMASAKI and NARAHASHI, 1957). 
The resting potential is related to the relative concentration of potassium ions 
thus: 
[K] 


E, = log. [K},.’ 


(3) 


where F£, is the equilibrium potential for potassium, and [AK], and [A], are 
potassium concentrations inside and outside the nerve respectively (HODGKIN, 


1951). ‘The content of potassium in the sheathed nerve cord was determined as 
140 mM./1. of tissue water (Tostas, 1948). Using this figure the calculations from 


the equation (3) result in the equilibrium potential for potassium of 97-7 mV 


under the present experimental conditions. This value, however, must be under- 


estimated; the potassium concentration of the haemolymph serum in the cock- 


roach is found to be much less than that of the nerve cord, i.e., 17-3 mM_/1. of tissue 


water (Tosias, 1948), which results in the actual concentration of potassium in 


the roach nerve fibre being higher than 140 mM. Hence the discrepancy between 
the observed and the calculated resting potentials amounts to over 27-4 mV. 
The high equilibrium potential for potassium ions is likely to be partly respon- 


sible for the production of the after-positivity which follows the spike action poten- 
tial (FRANKENHAEUSER and Hopckrin, 1956; Hopckrx, 1951; Hopckin and 
Keynes, 1955). It seems reasonable to suppose that the resting membrane of 


the cockroach giant axon is not exclusively permeable to potassium ions but slightly 


permeable to other ions such as sodium, so that the observed resting potentials 


become lower than the calculated potential. It follows that the increase in mem- 


brane permeability to potassium ions during the falling phase of the action potential 


causes the membrane to approach the equilibrium potential for potassium tons 


This view is consistent with the finding that the sodium-deficient Ringer’s solutions 


are without effect on the magnitude of the positive phase even though they affect 


the reversed potential appreciably. However, the after-positivity does not reach 


the potential difference expected from the theoretical equilibrium potential for 


potassium ions. ‘Therefore it seems probable that an unselected barrier between 


the excitable membrane and the external solution prohibits a rapid movement of 


potassium ions to some extent as has been suggested by FRANKENHAEUSER and 
HoOpGKIN (1956). 
The behaviour of the resting membrane under various external concentrations 


of potassium ions is essentially similar to that observed with both nerves and 
muscles of other animals (e.g. BURGEN and Trrroux, 1953; Curtis and Cote, 1942; 
Fatr and Katz, 1953; HaGcrwara and Watanase, 1954; Harris and MAarTINs- 
Ferreira, 1955; Hopckxin, 1951; Hoyie, 1952, 1953, 1954; Werpmann, 1955). 
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The curve for resting potential/potassium is nearly a straight line in the higher 
range of potassium concentrations. ‘This straight line has a slope of 42 mV for a 
tenfold change in potassium concentration, and diverges slightly from the expected 
slope of 59 mV based on the equation (3). However, such divergence seems to be 
reasonable, for the resting membrane is considered to be, not exclusively, but 
mainly permeable to potassium ions as mentioned before. All that can be 
said is that the resting membrane of the cockroach giant axon behaves quite like 
those of other nerves and muscles when the external potassium concentration 
is altered. 

The concentration of sodium in the sheathed roach nerve cord is estimated to 
be 83-9 m M11. of tissue water (Topas, 1948). ‘The calculations of the magnitude 
of the reversed potential from the equation (1) result in the value of 24-0 mV when 
the external sodium concentration of 214 mM (the modified Ringer’s solution) is 
used for calculation. ‘This theoretical value is in good agreement with the observed 
value of 24-2 mV. However, this theoretical value must be slightly underestimated, 
because the sodium concentration of the cockroach haemolymph serum is slightly 
higher than that of the nerve cord, 1.e., 107 mM (Tostas, 1948). The slightly 
higher value of the calculated reversed potential is likely to be reasonable, because 
this figure gives only the maximum value to be reached and also because the slight 
permeability of the ions other than sodium may take part in the peak of the action 
potential to some extent. 

The behaviour of the active membrane of the cockroach giant axon under a 
variety of external sodium concentrations is quite similar to that observed with 
squid giant axon with regard to the magnitude of the reversed potential and after- 
positivity and in the rates of rise and fall of the action potential (HODGKIN and 
Katz, 1949a). The present results are also in good agreement with those reported 
with other nerves and muscles (DRAPER and WeriIpMANN, 1951; HaGrwara and 
WaTANABE, 1955; Huxtey and SrAmpr.i, 1951; Nastuk and Hopckin, 1950; 
WEIDMANN, 1955). ‘The straight line for reversed potential /sodium to which almost 
all the observed values fell diverges slightly from the expected slope of 59 mV 
based on the equation (2), but this divergence is not so serious. A more marked 
decrease in the rate of rise of the action potential than those in the rate of fall and 
in the magnitude when the axon comes into contact with the sodium-deficient 
Ringer's solution strongly suggests the possibility that the entry of sodium ions 
plays an important réle in the rising phase of the action potential, because the 
rate of rise is known to be correlated with the rate of entry of sodium ions into the 
squid axon (HODGKIN and Katz, 1949a). In the light of such views, it can safely 


be said that the overall result constitutes strong evidence for the essential validity 


of the sodium theory in the cockroach giant axon. 


SUMMARY 
The effects of varying the potassium and sodium concentrations in the bathing 
fluid on the resting and action potentials of the cockroach giant axon have been 
examined by means of intracellular microelectrodes. 
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The modified Ringer’s solution for the cockroach axon was described. This 
contains a greater amount of sodium ions than the ordinary roach saline. 

The mean values of the membrane potentials from the axons immersed in the 
modified Ringer's solution were as follows: resting potential 70-3 mV, action 


potential 94-5 mV, after-positivity 3-4 mV, maximum rate of rise of action potential 


1113 V/sec, and maximum rate of fall 382 V/sec. 

The increase in potassium concentration caused a depolarization. Plotting the 
resting potentials against the logarithms of the external potassium concentrations 
resulted in a straight line in the concentrations higher than about 20 mM. In the 
concentrations less than 3-1 mM no appreciable change in resting potential was 
observ ed. 

The decrease in sodium concentration had no appreciable effect on the resting 
potential, but effectively depressed the action potential and finally brought about a 
block. Plotting the reversed potentials against the logarithms of the external 


line. This straight line diverged only 


sodium concentrations resulted in a straight 
slightly from the theoretically expected straight line having a slope of 59 mV for 
a tenfold change in sodium. The rate of rise of the action potential decreased 
markedly more than both the rate of fall and the magnitude of the action potential 
when the sodium concentration was reduced. 

These results were discussed in the light of the sodium theory. It can safely be 
said that the overall result constitutes strong evidence for the essential validity of 


the sodium theory in the cockroach giant axon. 
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DIE AUSLOSUNG DER UMFARBUNG DURCH DAS 
HAUTUNGSHORMON BEI CERURA VINULA L. 
(LEPIDOPTERA, NOTODONTIDAE)*+ 


DETLEF BUCKMANN** 
Zoologisches Institut der Johannes Gutenberg-Universitat, Mainz 


(Received 16 November 1958) 


Abstract—The green larvae of Cerura vinula L. turn dark red when they are going 
to spin their cocoon. A red ommochrome pigment is formed in the epidermal cells and 
one day later in the fat body. The epidermal processes of the pupal moult begin only 
five days later. ‘The colour change can be inhibited by a ligature. Only the part of the 
body anterior to the ligature will redden. Double ligaturing experiments show that 
the colour change is caused by a thoracic centre, which has to be activated by a 
cephalic centre, probably the brain. Extracts of the moulting hormone 2-ecdyson 
were injected into green abdomens of ligatured animals. Small doses (66 Calliphora 
units) caused reddening of the epidermis. 330 Calliphora units caused reddening of 
the fat body only, and large doses (3300-6600 units) caused a pupal moult without 
colour change. It is concluded that both the colour change and the pupal moult are 
caused by the same hormone, ecdyson, but by different concentrations of it. The 
normal course of events is probably brought about by a slow increase of hormone 
concentration. In young larvae premature colour change could be evoked by decapita- 
tion. Probably it is normally prevented by the juvenile hormone of the corpora allata. 


ZUSAMMENFASSUNG 
Diz Raupen von Cerura vinula L. farben sich um, wenn sie ihr Futter verlassen, 
um ihren Kokon zu spinnen. Die hellgriinen Raupen werden innerhalb weniger 
Stunden dunkelrot gefarbt durch Ommochromfarbstoffe, die zuniachst in der 
Epidermis und dann auch im Fettkérper abgelagert werden. Die Auslésung 
dieses Farbwechsels wird untersucht. (Alle folgenden Zeitangaben gelten fiir 
eine Zuchttemperatur von 25°C.) 

(1) Um zur Umfarbung in der Lage zu sein, benétigen die Raupen eine 
FreBperiode von 4 Tagen nach der letzten Larvenhautung. Unabhangig davon, 
ob sie nach dieser Zeit noch weiter fressen bis zum Erreichen des normalen 
End-Kérpergewichtes oder nicht, erfolgt die Umfarbung durchschnittlich 5,6 
Tage nach der letzten Larvenhautung. Die Auslésung der Umfarbung erfolgt 
also unabhingig vom Zeitpunkt der Beendigung der Nahrungsaufnahme und von 
der erreichten Kérpergrisse. 

(2) Rechtzeitige Abschniirung des Kopfes oder Enthirnung kénnen die 
Umfarbung verhindern. Wird zusatzlich durch eine zweite Ligatur das Abdomen 
vom Thorax getrennt, so farbt sich in manchen Fallen noch der Thorax um, nicht 


* W. v. Buddenbrock zum 75. Geburtstag gewidmet. 

+ Habilitationsschrift, Mainz, 1957, gekiirzte Fassung. Gedruckt mit einer Beihilfe der Deutschen 
Forschungsgemeinschaft. 

** Tetzt: Zoologisches Institut der Universitat, Géttingen. 
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aber das Abdomen. Daraus wird geschlossen, dass die Umfarbung vom Gehirn 
ausgelést wird, aber nicht direkt, sondern durch die Aktivierung eines umfiar- 
bungsausliésenden Zentrums im Thorax. 

(3) Nach einfacher Durchschniirung hinter dem Thorax farbt sich das vordere 
Kérperstiick immer um, das hintere aber nur, wenn die Umfarbung innerhalb 
von 12 Stunden nach der Schniirung erfolgt, und zwar in 50 Prozent dieser Fille. 
In manchen Fallen kommt es zu einer ‘Teilumfarbung des hinteren Kérperstiicks. 
Daraus wird geschlossen, dass die Umfarbung durch einen stofflichen Faktor 
ausgelést wird, dessen Ausbreitung durch eine Ligatur verhindert werden kann 
und der durchschnittlich etwa 6 Stunden vor der Umfarbung vom umfiarbungs- 
auslésenden Zentrum im Thorax abgegeben wird. 

(4) Durchschniirten Raupen, bei denen sich nur der ‘Thorax umgefarbt hatte, 
wurden verschiedene Dosen des Hautungshormons «-Ecdyson in das griingeblie- 
bene isolierte Abdomen injiziert. Geringe Dosen (66 CE) bewirkten Umfarbung 
nur der Epidermis, mittlere Dosen (330 CE) bewirkten Umfarbung nur des 
Fettkérpers, und starke Dosen (6600 CE) bewirkten Puppenhautung ohne 
Umfarbung. Daraus wird geschlossen, dass die Umfarbung und die Puppen- 
hautung durch verschiedene Konzentrationen desselben Hormons, Ecdyson, 
ausgelést werden. Das umfarbungsauslésende Zentrum in ‘Thorax muss demnach 
der Bildungsort dieses Hormons sein, also die Prothoraxdriise. Die Aufeinander- 
folge von Umfarbung der Epidermis, Umfarbung des Fettkérpers und Puppen- 
hautung in der normalen Entwicklung kommt wahrscheinlich durch eine langsam 
ansteigende Hormonkonzentration zustande. 

(5) In Larven des vorletzten Stadiums liess sich eine vorzeitige Umfarbung 
auslésen durch Dekapitation. Wahrscheinlich wird normalerweise die Umfarbung 
in den jungen Larven verhindert durch das Juvenilhormon der Corpora allata. 


(A) EINLEITUNG UND PROBLEMSTELLUNG 


Die Umfarbung der Raupen des grossen Gabelschwanz, Cerura vinula L. 


gehért zu den auffilligsten Farbwechselvorgingen im Tierreich. Schon deshalb 
verdient sie eine Untersuchung ihrer Ursachen. Besondere Bedeutung aber 
gewinnt sie durch ihren offensichtlichen Zusammenhang mit der Metamorphose. 
Die Untersuchung der Umfarbung liess zugleich wichtige Aufschliisse tiber 
Probleme der Physiologie der Metamorphose erhoffen. 

Diese Hoffnung griindete sich auf die Ergebnisse der bisherigen Untersuchungen 
liber Verlauf und Auslésung der Umfarbung (BUCKMANN, 1952, 1953): Die 
Umfarbung erfolgt im letzten Larvenstadium, und zwar stets gleichzeitig mit dem 
Verlassen des Futters und dem Kokonbau, obgleich der Zeitabstand zwischen 
der letzten Larvenhautung und diesen Verhaltensweisen individuell schwankt. 
Die fressende Raupe im letzten Stadium ist hellgriin mit einer braunen, weissum- 
randerten, rautenférmigen Zeichnung auf dem Riicken (Abb. la). Wenn die 
Raupe das Futter verlassen hat, um ihren Kokon zu bauen, farbt sie sich innerhalb 
von 8 Stunden dunkelrot (Abb. 1b). Dieses Rotwerden der Raupe wurde als 


‘“‘Umfarbung”’ bezeichnet. Unter derselben Bezeichnung erwahnen CAspari und 
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PLAGGE (1935) einen ahnlichen Vorgang bei Sphinx ligustri. Allerdings verlauft 
die Umfarbung von Sphinx ligustri bedeutend weniger intensiv als diejenige von 
Cerura vinula und erfasst nur den dorsalen Teil des Abdomens. Auch bei anderen 
Lepidopterenarten sind Farbanderungen vor der Verpuppung zu beobachten 
(s.z.B. KOHN und PrerpHo 1936). 

Die Umfairbung von Cerura vinula beruht auf der Einlagerung eines roten 
Pigmentes in die Epidermis und in den Fettkérper. Sie ist deshalb als morpho- 
logischer Farbwechsel bezeichnet worden (ScCHARRER, 1954). Das rote Pigment 
erwies sich im histochemischen Test als ein Ommatin. Dieses Ergebnis ist 
inzwischen durch chemische Untersuchungen bestatigt worden (BUCKMANN, 
BIEKERT, LINZEN und NeuBerT, unverdffentlicht). Der Umfarbung folgen weitere 
Veranderungen in Farbe und Form der Raupe. Diese bestehen vor allem in einer 
Entfarbung der Epidermis und, 5—6 Tage nach der Umfarbung, in der Umwand- 
lung in die Vorpuppe. Erst zu diesem Zeitpunkt setzen in der Epidermis die 
Hautungsvorginge ein, die von KUHN und PiepHo (1938) als Hautung im weiteren 
Sinne bezeichnet worden sind. Sie beginnen mit einer Mitosenperiode. Erst 
etwa 5 ‘Tage spiter erfolgt die Hautung zur Puppe. Wahrend der ganzen 
Entwicklung von der Umfarbung bis zur Puppenhautung Andert sich die Menge 
und die Zusammensetzung der Ommochromfarbstoffe im Kérper. Diese 
Veranderungen konnten neuerdings quantitativ verfolgt werden (BUCKMANN, 
BIEKERT, LINZEN, und NEUBERT, unverdffentlicht). 

Die Umfarbung steht also am Beginn einer grossen Reihe von morphologischen 
und biochemischen Verinderungen, welche die Verpuppung einleiten. Sie sind 
fiir die Verpuppung charakteristisch und fehlen bei den Larvenhautungen. 
Deshalb ist zu vermuten, dass sie eine physiologische Vorbereitung der Verpup- 
pung und der Metamorphose sind. Sie beginnen schon lange vor den epidermalen 
Hautungsvorgingen und vor der kritischen Periode, in der die Puppenhautung 
hormonal ausgelést wird. Sie sind also die ersten fassbaren Veranderungen, die 
das Ende des Larvenlebens und den Beginn der Entwicklung zur Imago ankiin- 
digen und vorbereiten. 

Unter diesen Verinderungen ist die Umfarbung besonders hervorgehoben. 
Sie ist nicht nur die zeitlich erste sondern auch die auffilligste. Sie verlauft 
innerhalb weniger Stunden sehr intensiv, sodass sie sehr leicht und genau zu 
beobachten und zu registrieren ist. Sie fallt zusammen mit dem Verlassen des 
Futters und dem Kokonbau, was fiir eine gemeinsame Auslésung durch dasselbe 


Aktionssystem spricht. Sie ist ausserdem histologisch und sogar chemisch gut 


erfassbar. Deshalb eignet sie sich unter den beschriebenen Verinderungen am 
meisten fiir physiologische Untersuchungen. Unter den zu untersuchenden 
Fragen erschien zunichst folgende besonders interessant: In welcher Beziehung 
stehen die Vorginge, welche der Puppenhautung vorausgehen, also insbesondere 
die Umfarbung, zu dem hormonalen Aktionssystem, welches Hautungen und 
Metamorphose steuert ? 

Dieses System besteht aus dem Gehirn, den Prothoraxdriisen und den Corpora 
allata. Jede Hautung wird letzten Endes ausgelést durch das Gehirn, dessen 
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neurosekretorische Zellen ein adenotropes Hormon produzieren, welches auf die 
Prothoraxdriisen wirkt. Es veranlasst diese, ihrerseits ein Hormon in den Kérper 
abzugeben. Dieses Hormon der Prothoraxdriise ist das eigentliche Hautungs- 
hormon. Es lést in der Epidermis die Hautungsvorginge aus. Bei alleiniger 
Wirkung dieses Hormons erfolgt die Hautung zur Imago, also die Metamorphose. 
In der jungen Larve aber geben gleichzeitig die Corpora allata ein anderes Hormon 
ab, welches eine vorzeitige Metamorphose verhindert und die Hautungen zu 
Larvenhautungen, in schwacherer Konzentration zur Puppenhautung umwandelt, 
dassog. Juvenilhormon. Vondenerwahnten Hormonen konnte bisher das Hautungs- 
hormon der Prothoraxdriise in kristallisierter Form isoliert werden durch BUTENANDT 
und Karson (1954). Den von ihnen isolierten Stoff nannten sie «-Ecdyson. 

Bei Schmetterlingsraupen lasst sich die Puppenhiutung des _hinteren 
Kérperabschnitts verhindern durch eine rechtzeitig gelegte Ligatur, welche die 
Hormonzufuhr unterbindet. Die Tiere durchlaufen eine kritische Periode (k.P.), 
in der sie zur Puppenhautung determiniert werden. Eine Schniirung nach der 
k.P. vermag deshalb die Hautung nicht mehr zu verhindern. Man muss deshalb 
annehmen, dass das Hormon, welches die Hautung auslést, also das Ecdyson, in 
dieser k.P. in den Kérper ausgeschiittet wird (Caspari und PLaGGe, 1936; KUHN 
and PiepHo, 1936). Bei Cerura vinula fallt diese k.P. der Puppenhautung zusammen 
mit dem Ubergang in die Vorpuppe. Sie liegt also erst etwa 5 Tage nach der 
lL mfdrbung. Aber auch die Umfarbung selber liess sich durch solche Ligaturen 
verhindern bis zu einer k.P., nach der die Raupe zur Umfarbung determiniert ist. 
Diese k.P. der Umfarbung liegt am letzten Tag vor Sichtharwerden der Umfdrbung. 
Aut Grund dieser Ergebnisse wurde vermutet, dass auch die Umfarbung durch 
einen stofflichen Faktor ausgelést wird, der sich vom Vorderkérper her ausbreitet 
und durch eine Ligatur daran verhindert werden kann. 

Es ergeben sich verschieden Méglichkeiten fiir den Zusammenhang zwischen 
dem umfirbungsauslésenden Faktor und den bekannten Hormonen, welche 
Hautungen und Metamorphose steuern: 

(1) Ein eigenes Umfarbungshormon, das nicht mit einem der erwahnten 
Hormone identisch ist, wird 6 Tage vor dem Hautungshormon in den Koérper 
abgegeben und lést die Umfiarbung aus. Diese Vorstellung stimmt iiberein mit 
einer Vermutung von Becker (1941), der annahm, dass vor dem Hautungshormon 
schon ein anderes Hormon in den Kérper abgegeben wird, das die Epidermis erst 
zur Reaktion auf das Hautungshormon befahigt und welches er deshalb 
‘Aktivierungshormon”’ nannte. 

(2) Das Gehirnhormon aktiviert nicht nur die Prothoraxdriisen sondern es 
lést zugleich die Umfarbung aus. Diese Annahme wiirde verstandlich machen, 
weshalb die Umfarbung schon vor der k.P. der Puppenhautung erfolgen kann. 
Sie wird aber unwahrscheinlich durch Schniirungsexperimente, die zeigten, dass 
bei Cerura vinula auch das Gehirnhormon, welches die Puppenhautung auslést, 
erst lange nach der Umfarbung in den Kérper abgegeben wird (BUCKMANN, 1953). 

(3) Das Umfarbungshormon ist mit dem Hautungshormon der Prothoraxdriise, 
dem Ecdyson identisch. Dann bleibt zu erkliren, wieso die Auslésung der 
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Umfarbung schon 5 Tage vor der k.P. der Puppenhautung erfolgen kann, in der 
doch nach unseren bisherigen Vorstellungen das Hautungshormon erst in den 
Koérper ausgeschiittet wird. 

Diese Erklarung ist méglich durch zwei verschiedene Zusatzannahmen: 

(3a) Das Hautungshormon wird gar nicht erst in der k.P. der Puppenhautung 
ausgeschiittet, sondern ist schon vorher in niedriger, langsam steigender Konzen- 
tration im Kérper vorhanden und erreicht wahrend der k.P. die zur Auslésung der 
Hautung nétige Konzentration. Vorher schon lést es in geringerer Konzentration 
die Umfarbung aus. Eine solche Vorstellung wurde von PrerHo (1942) begriindet, 
um die von thm bei Galleria gefundene steigende Determination der Epidermis zur 
Puppenhautung im letzten Larvenstadium zu erkliren. 

(3b) Das Hormon ist vor der k.P. der Puppenhautung schon in voller 
Konzentration im Kérper vorhanden. Um die Epidermis zur Puppenhautung zu 
determinieren, braucht es aber eine gewisse Einwirkungszeit, die erst in der k.P. 
erreicht wird. Vorher kann, da das Hormon vermutlich im Kérper laufend 
inaktiviert wird und nachgeliefert werden muss, die Hautung durch eine Ligatur 
verhindert werden. Schon vor der k.P. der Puppenhautung kénnte es die 
Umfiarbung auslésen. Nach dieser Vorstellung unterscheiden sich also Umfarbung 


und Puppenhautung nicht dadurch, dass sie durch verschiedene Konzentration 


des Hormons sondern dadurch, dass sie durch verschieden lange Einwirkungsdauer 
desselben ausgeléist werden. Diese Vorstellung stammt von KaRLsSON (1955), der 
besonders auf die Bedeutung des Zeitfaktors der Hormonwirkung hinwies. 

Die Aufgabe der vorliegenden Arbeit ist es, experimentell zu priifen, durch 
welche inneren und dusseren Faktoren die Umfarbung von Cerura vinula ausgelést 
wird. Dabei ist insbesondere die Frage beriicksichtigt, in welcher Beziehung die 
auslésenden Faktoren zu dem hormonalen System stehen, das Hautungen und 
Metamorphose steuert. 

Das Ergebnis ist der Beweis, dass die Umfarbung ahnlich wie die Hautungen 
ausgelést wird tiber das Hautungshormon Ecdyson, d.h. dass die Hypothese 3 von 
den oben aufgestellten Méglichkeiten zutrifft, und zwar lasst sich die unter (3a) 
genannte Version am besten mit den experimentellen Ergebnissen vereinbaren. 

Die Untersuchung wurde in 6 Schritten durchgefiihrt, von denen jeweils das 
Ergebnis des einen die Voraussetzung fiir die Durchfiihrung des folgenden 
bildete: 

(1) Beobachtung des normalen Verlaufs der Umfarbung unter den verwendeten 
Zuchtbedingungen, insbesondere Festlegung des Umfarbungszeitpunktes und 
seiner natiirlichen Schwankungsbreite. 

(2) Priifung des Einflusses von Nahrungsaufnahme und Wachstum sowie ihrer 
vorzeitigen Beendigung auf den E:mtritt der Umfarbung. 

(3) Beweis der Auslésung der Umfarbung vom Vorderkérper her und 
Ermittlung der kritischen Periode, in der diese Auslésung erfolgt, durch 
Schniirungsexperimente. 

(4) Ermittlung der Lage umfirbungsauslésender Zentren im Vorderkérper 


durch Schniirungsversuche mit doppelter Ligatur. 
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(5) Priifung des Hautungshormons «-Ecdyson auf seine umfirbungsauslésende 
Wirkung. 


(6) Beweis der vorzeitigen Auslésbarkeit der Umfarbung auch bei jungen 


Larven. 


kinige der Ergebnisse wurden bereits in kurzen Mitteilungen bekanntgegeben: 
BUCKMANN (1956), KARLSON und BUCKMANN (1956). 


(B) MATERIAL UND METHODIK 


Die Ra per wurden aus kiert yvezouwer di vor Z ichtern aus verschiedenen ‘Teilen 


Siddeutschlands geliefert worden waren. Zur Ermittlung der Schwankungsbreite in der 


Dauer des letzter Larver stadiums bis zur Umfirbur g wurden auch Zuchten verwendet, 


deren Eier aus England stammten. Alle Raupen wurden in Thermostaten bei 25 C gehalten, 


intar zu mehreren, nach der letzten Larvenhiutung einzeln in Petrischalen Futter 


rden tiglich zweimmal kontrolliert 


nwat pappel (Pop dus mgra L All Raupen 


(C) EXPERIMENTELLE UNTERSUCHUNGEN 


(1) Der normale Verlauf des letzten Larvenstadiums und der normale 


l mfarbungszeitpunkt 


Begriindung. Die Kenntnis dieser Daten war selbstverstindliche Voraussetzung 


aller weiterer Untersuchungen. Der dussere Ablauf der Veriinderungen vor der 


Puppenhautung war schon friiher beschrieben worden (BUCKMANN, 1953). Die 


damaligen Zuchten konnten aber nicht streng temperaturkonstant gehalten 


werden und die einzelnen Zuchten hatten sich in der durchschnittlichen Dauer der 


einzelnen Entwicklungsabschnitte unterschieden. 


Beobachtung des normalen Umfirbungszeitpunktes und -verlaufs 


wurde jeweils em Teil der Raupen jeder Zucht verwendet. Sie wurden in der oben 


angegebenen Weise gehalten und alle 12 Stunden auf den Eintritt von Hautungen und den 


Wechsel der Farbungsstadien hin kontrolliert. Die Raupen der ersten Zucht wurden von 


der letzten Larvenhautung an auch tiglich gewogen, um den normalen Verlauf des Wach- 


stums bis zum Eintritt der Umfirbung zu verfolgen 


Ergebnisse. Im ersten Teil des letzten Larvenstadiums von der letzten 
Larvenhautung bis zur Umfarbung ist die Raupe griin (Abb. la). Sie frisst fast 


ununterbrochen. Von Beginn der Umfarbung ab gestatten die dusseren Verin- 


derungen eine Alterseinteilung der Raupen in Farbungsstadien (BUCKMANN, 1953). 


Sie beginnen bei der Umfarbung mit dem Firbungsstadium I. Den Zustand der 


griinen, fressenden Raupe kann man deshalb als Farbungsstadium O bezeichnen. 


Die Dauer dieses Stadiums in den verschiedenen Zuchten zeigt Tabelle 1, den 


Verlauf der Gewichtszunahme in diesem Zeitraum ‘Tabelle 2. 


Das Farbungsstadium O endet, wenn die Raupe aufhért zu fressen. Sie sitzt dann eine 


2 


bis mehrere Stunden unbeweglich und man erkennt den Beginn der Umfirbung. Das 


Farbungsstadium I umfasst den gesamten Prozess der Umfiirbung, der 8-12 Stunden dauert 


Da wihrend dieser Zeit sich die Farbe von Stunde zu Stunde indert, ist eine Unterteilung 


des Stadiums méglich: Stadium Ia: Erstes Sichtbarwerden der Umfirbung. Beginnend 
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TABELLE 1—DAUER DES LETZTEN LARVENSTADIUMS BIS ZUR UMFARBUNG (IN TAGEN) 
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Wert 


abweichung | kungen 


Frankfurt 10 6-8 


Wasserburg Inn 


Kent, England 


Gesamte ungestérte Tiere 


Be hung. 


Die Werte fiir die Dauer des Stadiums O (letzte Larvenhau- 
tung bis Umfarbung) stimmen in den verschiedenen Zuchten gut iiberein 
Abweichung zeigen nur die Tiere, die taglich gewogen wurden. 
die Umfirbung durchschnittlich einen ganzen 


Kine 
Bei ihnen trat 
Tag spater ein. Diese Verzé- 
gerung hangt sicherlich mit der taglichen Stérung zusammen. Die Tiere mussten 
zur Wagung immer gewaltsam von ihren Blittern gelést werden. Méglicherweise 


brauchten sie nach jeder Wagung langere Zeit. bis sie wieder ihre typische Fress- 


stellung auf dem Rande der Blatter gefunden hatten und weiterfrassen. Jedenfalls 


zeigten die anderen ‘Tiere derselben Zucht, die zu Schniirungsversuchen 


verwendet wurden, genau den gleichen Wert fiir die Dauer des Stadiums O wie 
die iibrigen Zuchten, namlich im Mittel 5, 6 Tage. 


~ 


Dieser Wert kann daher als die 
normale Dauer von der letzten Larvenhiutung bis zur Umfarbung bei gesunden 


ungestérten Tieren und den angewendeten Zuchtbedingungen (25 


C) gelten. 
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(2) Der Einfluss von Nahrungsaufnahme und Wachstum auf den Umfarbungszeit- 
punkt 

Begriindung. Neben der Temperatur ist es an dusseren Faktoren vor allem 
die Erniahrung, die den Zeitpunkt der Umfirbung beeinflussen kénnte. Es ist 
denkbar. dass der Eintritt der Umfarbung ausgelést wird durch das Ende der 
Nahrungsaufnahme oder dadurch, dass die Raupe eine gewisse Grésse erreicht 
hat. In beiden Fallen wiirde die Ernahrung als “Zeitgeber’’ dienen fiir die 
Auslésung der Umfarbung. Ein ahnlicher Zusammenhang konnte bei der Wanze 
Rhodnius prolixus nachgewiesen werden (W1GGLEsworTH, 1943). Hier ist es die 
Streckung des Abdomens durch eine grosse Blutmahlzeit, welche das hormonale 
\ktionssvstem zur Auslésung der Hautung veranlasst. Die Frage nach dem 


Finfluss der Ernahrung auf den Eintritt der Umfarbung musste als allererste 


lart werden, weil praktisch jeder experimentelle Eingriff wie Schniirungen 
und Operationen vor der Umfirbung eine vorzeitige Beendigung der Nahrungs- 
ufnahme und damit des Wachstums bedingt. Dadurch kénnte der Eintritt der 
irbung beschleunigt oder verhindert und so das Ergebnis des Experiments 
ht werden. 
n Larvenstadium bis zur Umfarbung 
I Da sich zeigte, 
htigt wurde Abschnitt 1), 
gsgewicht, das Ke rpergewk ht zu 
reitigen Beendigung der Nahrungs- 
denen erschie len lange nacl ier 
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Bild 1(b) 


Bild 1(c) Bild 


Bild 1(e) 


Bitp 1. Die Farbungsstadien von Cerura vinula. (a) Stadium O (grune, fressende Raupe 


im letzten Larvenstadium). (b) Stadium II (Rotfairbung nach dem Verlassen des Futters). 


(c) Stadium III (Wiederentfiirbung der | pidermis im Kokon). (d) Stadium IV (\ orpuppe). 


(e) Puppe, dorsal geéffnet, um die rote Farbe des Fettkérpers zu zeigen 


Bild 2(a) Bild 2(b) 


Bip 2. Ergebnisse von Schniirungsexperimenten. (a) Vor der kritischen Periode der 
Umfarbung geschniirte Raupe: Vorderstiick Stadium II, Hinterstiick Stadium O. (b) Nach 
der kritischen Periode der Umfarbung geschniirte Raupe. Beide Koérperstiicke haben sich 
rot umgefarbt, und das Stadium II erreicht. Das Hinterstiick ist auf Stadium II stehengeb- 
lieben, das Vorderstiick hat sich weiterentwickelt und das Stadium III erreicht. 


Bild 3 Bild 4 


Injek- Bi_p 4. Durch Dekapitation vorzeitig 
tionsexperimenten. ‘Testabdomina bei einer Raupe des vorletzten Larven- 
links nach Injektion von 3300 stadiums ausgeléste Umfarbung (links). 
Calliphora-Einheiten Ecdyson Zum Vergleich eine griine fressende 
man erkennt die Vorpuppenform Raupe des letzten Stadiums, an dessen 
und die Rotfairbung des Fettkérpers, Ende die Umfarbung normalerweise 
der im dorsalen Rereich durch- erfolgt (rechts). 

schimmert—rechts nach Injektion 

von Ringerlésung zum Vergleich. 


Bitp 3. Ergebnisse von 
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Ergebnisse. Den Verlauf der Gewichtszunahme im letzten Stadium zeigt 
Tabelle 2. An den beiden ersten Tagen verdoppelt sich das Gewicht etwa taglich. 
Dann verlangsamt sich die Gewichtszunahme merklich. Vier Tage nach der 
letzten Larvenhautung haben fast alle Tiere ein Kérpergewicht von >3g erreicht. 
Das héichste Gewicht wurde bei den meisten Tieren schon bei der letzten Wagung 
vor der Umfarbung gemessen. Bei Deutlichwerden der Umfarbung hatten 
sie schon wieder an Gewicht verloren, weil sie zu diesem Zeitpunkt schon einige 
Stunden nicht mehr gefressen und den Darm entleert haben. Das Umfarbungs- 
gewicht der ungestérten Tiere lag wenig héher als das der taglich gewogenen. Das 
gemeinsame Ergebnis beider Versuchsserien ist, dass das normale Umfirbungs- 


gewicht im Mittel etwas iiber 4¢ liegt. 


TABELLE 3—WIRKUNG VORZEITIGEN NAHRUNGSENTZUGS 


Zeitpunkt des 
Nahrungsentzugs Zahl d Durchschnitts- Zeitpunkt d 
(Tage nach d Tiere gewicht Umgefirbt | Umfiairbung (Tage n 
letzten Hautung) d. letzten 


14 
M 


14 


16 


M 


Die Wirkung vorzeitigen Nahrungsentzugs zeigt Tabelle 3. Friiher Nahrungs- 
entzug, 2—24 Tage nach der letzten Hautung, hat einen deutlichen Einfluss auf 
die Umfarbung: Bei mehr als % der ‘Tiere unterblieb die Umfarbung ganz. 
Die ‘Tiere starben nach langerer Zeit ohne Umfarbung und Verpuppung. 
Bei den iibrigen ‘Tieren erfolgte die Umfarbung merklich verspatet, 


durchschnittlich um >4 Tage spater als bei normalen ‘Tieren. In vielen Fallen 


verlief sie nicht normal sondern nur schwach und undeutlich. Auch Nahrungs- 
entzug 3-3} ‘Tage nach der letzten Hautung beeintrichtigte die Umfarbung 
noch merklich. Sie unterblieb noch bei 29°, der Tiere ganz und war bei den 
iibrigen gegeniiber normalen Tieren um mehr als einen Tag verspitet, obwohl 
Tiere verwendet worden waren, die zur Zeit des Nahrungsentzuges schon hohe 
Kérpergewichte von 3g erreicht hatten. Nahrungsentzug 4-4) ‘Tage nach der 
letzten Hiutung beeintrichtigte dagegen die Umfairbung nicht mehr merklich. 
Mit nur 2 Ausnahmen farbten sich alle Versuchstiere im normalen Ausmass um, 
und zwar etwa wie Normaltiere im Mittel 5, 7 Tage nach der letzten Larven- 
hiutung. Die Umfarbung erfolgte also zum normalen Zeitpunkt, obgleich die 
Versuchstiere nur } des normalen Umfarbungsgewichtes erreicht hatten. 
Besprechung. Offensichtlich ist eine Periode der Nahrungsaufnahme von etwa 
4 Tagen zu Beginn des letzten Larvenstadiums erforderlich, um die Tiere zu 


: 
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einer normalen Umfarbung in die Lage zu versetzen. In dieser Zeit wird ein 
Gewicht von >3g erreicht. Nach Abschluss dieser obligatorischen Fressperiode 


wird die Umfarbung von Nahrungsaufnahme und Wachstum unabhingig. Sie 


erfolgt—gleich ob die Raupe vorzeitig zu fressen aufgehért hat oder bis zum 


normalen Umfarbungsgewicht weitergewachsen ist—zum normalen Zeitpunkt, 
im Mittel ca. 5, 6 ‘Tage nach der letzten Larvenhautung. 


Die Ergebnisse zeigen, dass durch vorzeitige Unterbrechung der Nahrungs- 


aufnahme keinesfalls eine vorzeitige Auslésung der Umfirbung bewirkt wird. 


Wird der Zeitpunkt der Umfarbung durch sehr friihen Nahrungsentzug iiberhaupt 


beeinflusst, dann im Gegenteil im Sinne einer Verzégerung der Umfirbung. 


Andererseits ist zur Auslésung der Umfarbung auch nicht das Erreichen des 


normalen Umfarbungsgewichtes erforderlich, denn die Tiere, die 4-4} ‘Tage 


nach der letzten Hautung vom Futter genommen worden waren, hatten nur ; 


dieses Gewichtes erreicht und sich dennoch zum normalen Zeitpunkt umgefirbt. 


Die Ergebnisse dieses Abschnittes werden bestitigt durch die Ergebnisse 


spaterer Versuchsreihen. Zu den Schniirungsversuchen(Abschnitt 3) wurden 


‘Tiere verwendet, die 3}—4} ‘Tage nach der letzten Haiutung vom Futter genommen 


wurden. 96 Prozent von ihnen hatten zu dieser Zeit ein Gewicht von >3¢ erreicht. 


Die durch die Schniirung nicht beeinflusste Umfarbung der Vorderstiicke erfolgte 
in allen 181 Fallen normal und zum normalen Zeitpunkt, namlich im Mittel 5, 6 
(s.S. 169). 


‘Tage nach der letzten Larvenhautung. 


(3) Die Auslésung der Umfdrbung vom Vorderkérper her 


Begriindung. \n den friiheren Untersuchungen war es gelungen, durch eine 


Ligatur, welche den Kérper in zwei Stiicke trennte, die Umfarbung des hinteren 


Kérperstiickes zu verhindern. Es zeigte sich auch, dass es eine kritische Periode 


gibt, nach welcher das Hinterstiick zur Umfarbung determiniert ist und durch 


eine Ligatur nicht mehr daran verhindert werden kann. Es wurde vermutet, dass 


die Umfarbung wahrend dieser k.P. von einem im Vorderkérper gelegenen 


Zentrum her ausgelést wird. Dieser Schluss ware bewiesen, wenn sich gezeigt 


hatte, dass nach der Trennung das Hinterstiick nicht mehr zur Umfarbung in der 


Lage ist, wohl aber das Vorderstiick. Dieser Beweis fehlte, weil es nicht gelang, 


die Vorderstiicke der durchschniirten Tiere am Leben zu halten. Die im Fol- 


genden beschriebenen Versuche zeigen, dass tatsichlich im Vorderkérper ein 


umfarbungsauslésendes Zentrum vorhanden sein muss, welches im Abdomen 


fehlt. Zugleich konnte die k.P., in der die Auslésung der Umfarbung erfolgt, 


genauer ermittelt werden. 


Methodik Dic 
Futter genommen und erst 12 Stunden spiater mittels einer Ligatur im ersten Abdominal- 


Versuchstiere wurden 33-44 Tage nach der letzten Larvenhautung vom 


segment durchschniirt. In Vorversuchen hatte sich gezeigt, dass bei solchen, nach 12 


stiindiger Hungerzeit geschniirten Raupen auch fast alle Vorderstiicke am Leben bleiben 


Ergebnisse. Von 205 in dieser Weise geschniirten Raupen iiberlebten bei 181 
die Vorderstiicke bis nach ihrer Umfarbung, 2 sogar bis nach der Puppenhautung. 
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Alle 181 Vorderstiicke farbten sich im normalen Ausmass und zum normalen 
Zeitpunkt um wie die ungestérten Kontrolltiere, namlich im Mittel 5,67--0,05 
‘Tage nach der letzten Larvenhautung. Von den zugehérigen Hinterstiicken starb 
1 sofort nach der Schniirung. Von den iibrigen 180 Hinterstiicken erfolgte 
bei 10 eine vollstindige Umfarbung gleichzeitig mit derjenigen der zugehérigen 


Vorderstiicke. Weitere 10 farbten sich nicht vollstindig um, sondern nur im 
dorsalen Bereich. Diese Erscheinung kann als Teilumfarbung bezeichnet werden, 
entsprechend der von KUHN und PrepHo (1936) bei Schniirungsexperimenten 
beobachteten Teilverpuppung. Bei 3 der teilumgefirbten Hinterstiicke war 
ausserdem der Eintritt der Umfarbung gegeniiber der des zugehérigen Vorder- 
stiickes um } Tag verzégert. Die umgefarbten Hinterstiicke blieben in ihrer 
Entwicklung auf dem Farbungsstadium II stehen, wahrend sich die Vorderstiicke 
weiterentwickelten, solange sie am Leben blieben, und die Stadien III und IV, 
ja, wie erwahnt, in 2 Fallen sogar die Puppenhautung erreichten. 160 Hinter- 
stiicke blieben griine Dauerraupen. (Abb. 2). 


‘TABELLE 4—ERGEBNISSE VON SCHNURUNGSEXPERIMENTEN, EINE LIGATUR IM 
ERSTEN ABDOMINALSEGMENT 


Zeitraum 
Schniirung bis Davon Hinter- Insgesamt 
Umfirbung des | Zahl d stiicke voll Hinterstiicke umgefirbte 
Vorderstiicks Tiere umgefirbt teilumgefirbt | Hinterstiicke 
auc 


10 


Die Ergebnisse sind zusammengefasst in Tabelle 4, aus der die Lage der k.P. 
deutlich hervorgeht. Es zeigt sich naimlich, dass es vom Schniirungszeitpunkt 
abhangt, ob das Hinterstiick griin bleibt, oder ob es sich mit dem Vorderstiick 
zusammen umfarbt. Von den innerhalb 12 Stunden vor der Umfirbung ge- 
schniirten Tieren vermochte sich genau die Halfte der Hinterstiicke umzufirben. 
War die Schniirung mehr als 1 Tag vor der Umfirbung erfolgt, so wurde die 
Umfarbung des Hinterstiickes auf jeden Fall verhindert. 

Von den 160 griingebliebenen Hinterstiicken wurden 40 zur Kontrolle bis 
zu ihrem ‘Tod unbehandelt gelassen. 36 weitere erhielten Injektionen von Insekten- 
ringerlésung. Diese insgesamt 76 Kontrolltiere iiberlebten die Umfarbung der 
zugehérigen Vorderstiicke um bis zu 27 Tage, im Mittel um 8, 9 Tage, ohne 
irgendwelche Anzeichen von Umfarbung zu zeigen. Die restlichen griinen 
Hinterstiicke wurden zu anderen Experimenten verwendet (Abschnitt 5). 

Besprechung. Durch die Ligatur im ersten Abdominalsegment wurden die 
‘Tiere geteilt in ein Vorderstiick, bestehend aus Kopf, Thorax und einem Teil des 
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ersten Abdomensegmentes und ein Hinterstiick, bestehend aus dem Rest des 
Abdomens. Wenn man von dem vorderen Teil des ersten Abdominalsegmentes 
einmal absehen darf, erfolgte die Trennung also etwa auf der Thorax-Abdomen- 
Grenze. Das Vorderstiick: Kopf+-'Thorax ist aut jeden Fall zur Umfarbung in 
der Lage, das Abdomen nur in einem kleinen Teil der Falle, wenn die Schniirung 
sehr spat vor der Umfarbung erfolgt war. Der Vorderkérper muss also ein 
umfirbungsauslésendes Zentrum enthalten, welches dem Abdomen fehlt. Ob 
dieses im Kopf oder im Thorax liegt, lasst sich nach den beschriebenen Versuchen 
noch nicht entscheiden. Jedenfalls wird von dort die Umfarbung des ganzen 
Kérpers ausgelést, sodass sie in einem rechtzeitig davon getrennten Abdomen 
unterbleibt. Da von den innerhalb von 12 Stunden nach der Schniirung um- 
gefarbten Tieren noch bei genau 50 Prozent auch die Hinterstiicke sich umfarbten, 
ergibt sich, dass die kritische Periode, in der die Umfarbung vom Vorderkérper 
her ausgelést wird, im Durchschnitt etwa 6 Stunden vor der Umfirbung durch- 
laufen wird. 

Besonders interessant ist das Auftreten von Teitlumfarbungen. Die betretienden 
Tiere sind offensichtlich genau wahrend der kritischen Periode geschniirt worden 
und hatten den Anstoss zur Umfarbung noch zum Teil erhalten, aber nicht 
mehr im vollen Ausmass. Die Auslésung der Umfarbung gehorcht also keinem 


\lles-oder-nichts-Gesetz. Die Ergebnisse sprechen dafiir, dass die \uslésung 


durch einen stofflichen Faktor geschieht, der vom umfirbungsauslésenden 


Zentrum wahrend der kritischen Periode der Umfarbung abgegeben wird, und 


} 


abgeschniirten Abdomen noch nicht die 


der im Falle der Teilumfarbungen in 
volle Konzentration erreicht hatte 

Die Tatsache. dass die Vorderstiicke am Leben bleiben, wenn die Schniirung 
nach 12-stiindiger Hungerzeit erfolgt, spricht fiir die Richtigkeit der Vermutung 
von Caspari und PLaGcGce (1935), dass die hohe Sterblichkeit der Vorderstiicke 
von durchschniirten Raupen darauf zuriickzufiihren ist, dass sich der Darm 
nicht entleeren kann. 

Die Tatsache, dass die umgefirbten Hinterstiicke in ihrer Entwicklung auf 
dem Farbungsstadium II stehenblieben, wahrend sich die Vorderstiicke wetterent- 
wickelten iiber die Stadien III und IV zur Puppenhautung, spricht dafiir, dass 
auch die weiteren Entwicklungsschritte zwischen der Umfarbung und der Puppen- 


hautung vom Vorderkérper her ausgelést werden miissen. 


(4+) Die Lage der umfadrbungsauslésenden Zentren 


Begriindung. Die Frage, ob das umfarbungsaulésende Zentrum im Kopf oder 
im Thorax gelegen ist, konnte untersucht werden mit Hilfe doppelter Schniirung, 
wobei eine Ligatur, wie in den bisherigen Versuchen, Thorax und Abdomen 
voneinander trennt, eine zweite Kopf und Thorax. Bei dieser Anordnung muss 
sich die Lage des gesuchten Zentrums in folgender Weise ergeben: Liegt das 
Zentrum im Thorax, dann miissen sich bei allen Tieren die Vorderstiicke um- 
farben, die dies Zentrum ja noch enthalten, dariiber hinaus bei den nach der 
k.P. geschniirten auch die Hinterstiicke. Es darf also nur zwei Gruppen von 
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Versuchstieren geben: Abb. 5(a) und (b). Liegt dagegen das Zentrum im Kopf, so 
miissen sich Thorax und Abdomen, da sie gleichermassen vom Kopf getrennt 


sind, stets gleichartig verhalten. Entweder sie bleiben beide griin. oder, falls 


nach der k.P. erst geschniirt worden war, sie fiirben sich beide um. Es wire 


allerdings in diesem Falle eine Verfalschung der Ergebnisse méglich durch eine 


langsame Ausbreitung des umfirbungsauslésenden Faktors vom Kopfe her 


Zur Zeit der Schniirung kénnte dieser Faktor den Thorax bereits in ausreichender 


Konzentration erreicht haben, das Abdomen aber noch nicht, sodass doch eine 


Umfirbung nur des Vorderstiicks resultieren wiirde. Diese Fehlerquelle liess 


sich aber leicht ausschalten, indem die vordere Ligatur 6 Stunden friiher gelegt 


wurde als die hintere, sodass ein etwa teilweise ausgeschiitteter umfarbungs- 


auslésender Faktor Zeit genug hatte, sich in Thorax und Abdomen gleichmassig 


zu verteilen. Im Falle der Lage des umfirbungsauslésenden Zentrums im Kopfte, 


darf es also wiederum nur 2 Gruppen von Versuchstieren geben: Abb. 5 (a) und 


(c): ganz umgefarbte und gar nicht umgefirbte ‘Tiere. 


In einer zweiten Versuchsserie wurde der Kopf vom Thorax nicht durch eine 


Ligatur getrennt sondern stattdessen das Gehirn herausgenommen, um die 


edeutung speziell des Gehirns fiir die Auslésung der Umfiirbung zu priifen. 


Nlethodtk Ser A: 37 Ra ipen wurden 4 ‘Tage nach der letzten Larvenhaiutung vom 


Futter genommen. 6 Stunden spiiter wurde ihnen durch eine Ligatur det Kopf vom 


Thorax getrennt und nach weiteren 6 Stunden durch cine zweit Ligatur im ersten 


\bdominalsegment der ‘Thorax vom Abdomen getrennt 


Sene B 17 weiteren Ra ipen wurde 4 ‘Tage nach der letzten Hautung das Gehirn 


exstirpiert (Methodik nach KOHN und PrepHo, 1936). 6 Stunden darauf wurde ihnen 


ebenfalls durch eine Ligatur im ersten Abdominalsegment der Thorax vom Abdomen 


yctrennt 


‘TABELLE 5——ERGEBNISSE DOPPELTER SCHNORUNGSEXPERIMENTI 
fA) 1 LIGATUR HINTER EM KOPP, ] LIGATUR IM ENSTEN ABDOMINALSI MENT 
(B) ENTHIRNUNG UND EINE LIGATUR IM ENSTEN ABDOMINALSEGMENT 


Zeitraum beide 


Schniirung bis Kdérperstiicke nur Vorderstiick beide Stiicke 


Umfirbung d umgefiarbt umgefiarbt nicht umgefirbt 
\ ordersti ks 
Tage \ B zus \ B rus \ B zus 


M 


Ergebnisse (Tab. 5). Bei dem gréssten ‘Teil der Tiere beider Versuchsserien 
blieb die Umfarbung sowohl im Thorax als auch im Abdomen aus. Die Abdomina 


blieben als griine Dauerraupen noch lange ohne irgendwelche Spuren von Um- 
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farbung am Leben, und zwar in Serie A bis zu 22} ‘Tage, im Mittel 11,5 Tage nach 
der letzten Larvenhautung, in Serie B bis 19, im Mittel 9,4 Tage nach der letzten 
Larvenhautung. Die Vorderstiicke tiberlebten als griine Dauerraupen in Serie A 
bis 12, im Mittel 7,5, in Serie B bis 7, im Mittel 6,5 Tage nach der letzten Larven- 
hautung ebenfalls ohne jede Spur von Umfarbung. 

sei einem kleinen ‘Teil der ‘Tiere in beiden Serien farbten sich beide Kérper- 
stiicke um, und zwar in diesen Fillen immer weniger als 1 ‘Tag nach der Schniirung. 
Neben diesen beiden Gruppen gab es in beiden Serien noch eine dritte: Bei 
diesen ‘lieren farbte sich nur der ‘Thorax um. Die Hinterstiicke iiberlebten als 
griine Dauerraupen die Umfarbung der zugehérigen Vorderstiicke in Serie A bis 
zu 15} ‘Tage, im Mittel 9,1 ‘Tage, in Serie B bis zu 2, im Mittel 1,7 Tage. Die 
Umfirbung des Thorax erfolgte in dieser Gruppe } bis 4} ‘Tage nach der Schnii- 


rung. 


ABBILDUNG 5. Doppelt geschniirte Raupen. (a) Beide Stiicke umgefirbt, Umfirbung 
innerhalb 12 Stunden nach der Schniirung. (b) Nur das Vorderstiick umgefirbt, Umfarbung 


1—4 Tage nach der Schniirung. (c) Beide Stiicke nicht umgefirbt. 


Besprechung. Die Ergebnisse beider Versuchsserien gleichen sich. Enthirnung 
wirkt also wie Abschniirung des ganzen Kopfes. Das Ergebnis ist aber weder das 
fiir eine Lage des Zentrums im Kopf, noch das fiir seine Lage im Thorax vor- 
hergesagte. Es gibt nicht—wie in jedem der beiden Fille zu erwarten—nur 2 


sondern 3 Gruppen von verschieden reagierenden Versuchstieren. 
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In Fallen wo nach der k.P. der Umfarbung geschniirt worden war. innerhalb 
eines halben ‘Tages vor der Umfirbung also, farbten sich beide Korperstiicke um, 
wie in jedem Falle zu erwarten. Bei den meisten ‘Tieren vermochte die Trennung 
vom Kopf bzw, vom Gehirn die Umfirbung beider Kérperstiicke zu verhindern. 
Es sind also im Kopf gelegene Organe, sehr wahrscheinlich das Gehirn zur 
Auslésung der Umfiarbung notwendig. Obwohl sie aber gleichermassen vom 
Gehirn getrennt waren, verhielten sich Thorax und Abdomen nicht immer 
gleich. Das Abdomen farbte sich, wie in allen bisherigen Versuchen, entweder 
innerhalb eines Tages oder gar nicht um. Der Thorax dagegen vermochte sich 
in manchen Fillen noch mehrere Tage nach seiner Trennung vom Kopf bzw, 
dem Gehirn umzufirben. Das Gehirn wird also schon mehr als 1 Tag vor der 
Umfarbung fiir deren Auslésung entbehrlich, und das umfiarbungsauslésende 
Zentrum, welches weniger als } Tag vor der Umfiarbung wirkt, ist im ‘Thorax 
noch vorhanden. 

Die Ergebnisse miissen daher folgendermassen gedeutet werden: Ein im Kopf 
gelegenes Zentrum, ziemlich sicher das Gehirn, gibt den ersten Anstoss zur Umfir- 
bung wahrend einer ersten k.P. mehr als 1 ‘Tag vor der Umfarbung. Es deter- 
miniert nicht direkt die Rumpfepidermis zur Umfarbung sondern wirkt auf ein 
zweites, im Thorax gelegenes Zentrum. Dieses bewirkt daraufhin in einer 
zweiten k.P., der eigentlichen k.P. der Umfarbung, die Determination der 
Rumpfepidermis zur Umfarbung. Vermutlich besteht die Wirksamkeit dieses 
thorakalen Zentrums in der Abgabe eines umfarbungsauslésenden Stoffes. 

Sicherlich darf aus dem Verhalten einiger Vorderstiicke nicht der Schluss 
gezogen werden, dass die erste k.P. in der die Auslésung vom Kopfe her erfolgt, 
schon 4 ‘Tage vor der Umfarbung liegt. Es kann vielmehr angenommen werden. 
dass bei diesen Tieren die vordere Schniirung bzw. Enthirnung genau wahrend 
der ersten k.P. erfolgt war, sodass das thorakale Zentrum den Anstoss zur Aus- 
lésung der Umfarbung nicht mehr in vollem Umfange erhielt. wodurch eine 
Verzégerung der Auslésung zustandekam. 


(5) Das Hdaustungshormon Ecdyson als umfdrbungsauslisender Faktor 

Begriindung. Die bisherigen Versuche zeigen, dass die Umfirbung ausgelést 
wird von einem thorakalen Zentrum, wahrscheinlich durch die Abgabe eines 
umfarbungsauslésenden Stoffes. Es ist durchaus denkbar, dass dieses thorakale 
Zentrum die Prothoraxdriise ist, und dann kénnte der umfirbungsauslésende 
Faktor mit ihrem Hautungshormon, dem Ecdyson, identisch sein. Die Ergebnisse 
der Schniirungsexperimente lieferten zugleich die Méglichkeit, diese Vermutung 
experimentell zu priifen. Es war gelungen (Abschnitt 3), Tiere zu erhalten, deren 
‘Thorax sich umgefarbt hatte, wahrend das Abdomen griin blieb. Die Tiere sind 


kompetent zur Umfarbung, wie das Schicksal des Vorderstiickes zeigt. Dem 


Abdomen fehlt dazu nur der umfarbungsauslésende Faktor, dessen Eindringen 
durch die Ligatur verhindert ist. Das Abdomen miisste also durch Zufiihrung 
des fehlenden Umfiarbungsfaktors zur Umfarbung gebracht werden kénnen. 
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Solche griingebliebenen Abdomina eignen sich also, um Organe oder Stoffe auf 
ihren Gehalt an Umfarbungsfaktor hin zu priifen. 

Durch das freundliche Entgegenkommen von Herrn Dr. Karlson, Miinchen, 
wurde es méglich, einen hockwirksamen Ecdyson-haltigen Extrakt und eine 
Lésung des reinen kristallisierten x-Ecdysons an solchen griinen ‘Testabdomina 
zu prufen. 


Methodik. 72 griine, durch Abschniirung isolierte Testabdomina, deren zugehérige 
Vorderstiicke sich umgefirbt hatten, erhielten Injektionen von Hormon oder hormon- 
haltigem Extrakt, 41 weitere erhielten als Kontrolltiere Injektionen der reinen Lésungsmittel ; 
Insektenringer oder Wasser. Die Injektionen wurden friihestens 4 Tag nach der Umfiar- 
bung der zugehérigen Vorderstiicke vorgenommen. Sie geschah mittels einer Mikroinjek- 
tionsspritze nach BerGoLp (1941). Zur Injektion musste die sehr dicke und zahe Cuticula 
der Raupen durch einen Schnitt geéffnet werden. Der Verschluss auch kleiner Wunden 
macht bei diesen Raupen Schwierigkeiten, da er durch Kontraktionen der gesamten 
Rumpfmuskulatur immer wieder aufgesprengt wird. Diese Schwierigkeit wurde auf folgende 
Weise umgangen: Der Einschnitt geschah im vordersten Segment des ‘Testabdomens, und 
die Kaniile wurde bis ins zweite Segment eingefiihrt. Dann wurde eine neue Ligatur 
auf der Grenze zwischen dem vordersten und dem zweiten Segment gelegt und angezogen. 
Nach der Injektion wurde dann durch Zuziehen dieser Ligatur das vorderste Segment 
vollig abgeschniirt und so das Testabdomen um 1 Segment verkiirzt 

Injiziert wurden reines Kristallisat von a-Ecdyson, gelést in Wasser, und ein hoch- 
gereinigtes Konzentrat eines Ecdyson-haltigen Extraktes, gelést in Insektenringerlésung 
Die Wirksamkeit des Konzentrats war von KARLSON vorher im Calliphora-Test ermittelt 
worden. Die verwendete Stammlésung enthielt 133 Calliphora—Einheiten (CE) pro mm* 
Eine CE entspricht 0,0075y des reinen kristallisierten Ecdysons. Es ist dieyenige Hormon- 
menge, die pro Tier injiziert werden muss, um bei abgeschniirten Calliphora-Larven in 
50-70°,, der Falle Pupariumbildung auszulésen (KarLSON und Hanser 1952). Die ver- 

Dosen wurden in 10-25 mm Fliissigkeitsmenge gelést injiziert. 50 griine 
Testabdomina erhielten Injektionen von Hormonkonzentrat. Die Héhe der Dosen betrug 
13: 66; 330; 3300 und 6600 CE. 36 Testabdomina erhielten zur Kontrolle reme Ringer- 
lésung. Reines, kristallisiertes Hormon konnte der geringen zur Verfiigung stehenden 
Menge wegen nur in kleinen Dosen verwendet werden. 22 Testabdomina erhielten Dosen 
von 13; 66 und 130 CE, 5 weitere erhielten zur Kontrolle entsprechende Fliissigkeitsmengen 
reinen Wassers inyiziert. 

Um die durch die Injektionen bewirkte Entwicklung méglichst vollstandig zu erfassen, 
wurde die Mehrzahl der Testabdomina beobachtet, bis Bewegungslosigkeit und Aussetzen 
des Herzs« hlags den bevorstehenden Tod anz« igten Das war spatestens | 34 "Tage nach 
der Injektion der Fall. Dann wurden sie unter 0,9°,,iger NaCl-Lésung seziert, um den 
Farbungszustand der inneren Organe zu untersuchen. 10 der Testabdomina wurden schon 
friiher lebend nach Bourn fixiert zur Untersuchung thres histologischen Zustands 


Ergebnisse. Alle Testabdomina, die Injektionen von 330 CE und mehr erhalten 
hatten, und ein ‘Teil der Tiere mit kleineren Dosen zeigten deutliche Reaktionen 
auf das Hormon, wie sie nach Injektionen von Wasser oder Ringerlésung in 
keinem Falle beobachtet wurden. Die Zeit von der Injektion bis zum Sicht- 
barwerden der Reaktion betrug 1-3 Tage. Deswegen kann nur bei solchen 
Tieren ein negativer Versuchsausfall registriert werden, die linger als 3 ‘lage 
nach der Injektion am Leben blieben, ohne eine Reaktion zu zeigen. In jedem 
Falle blieben die ‘Tiere in dem innerhalb von 3 ‘Tagen erreichten Zustand stehen. 
Spatere Reaktionen wurden nicht beobachtet. 
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Die dussere Beobachtung und die Sektionen der Versuchstiere ergaben fiir 
die Versuche mit Hormonkonzentrat folgendes: 


13 CE: Von 5 Tieren reagierten 3. Zwei Tage nach der Injektion firbte sich bei ihnen 
der griine Epidermisbereich dorsal neben der Rautenzeichnung schwach aber deutlich rosa 
Schon am lebenden Tier war zu erkennen, dass die rétliche Farbung in der Epidermis 
lokalisiert war. (Die Farbung der Epidermis liasst sich am lebenden Tier an Epidermisfalten 
erkennen, dort wo die Epidermis doppelt liegt, ohne dass sich Fettgewebe zwischen den 
beiden Schichten befindet, wie dies an den hinteren Segmentrindern der Fall ist, odet 
durch das Zusammenfassen der Epidermis mit einer Pinzette leicht erreicht werden kann) 
Die Sektion der drei Tiere bestitigte, dass die Epidermis neben der Rautenzeichnung 
schwach rot gefarbt war. Die Malpighischen Gefiasse waren rosa, Darm und Fettkérper 
weiss, bzw. farblos. 

66 CE: 11 Tiere. 4 blieben ohne Reaktion linger als 3 Tage am Leben. Die iibrigen 7 
reagierten deutlich durch Umfarbung. 4 von ihnen zeigten schon | Tag nach der Injektion 
im dorsalen Bereich neben der Rautenzeichnung die schmutzig olivgriine Farbung, die bei 
normalen Tieren den Beginn der Umfarbung anzeigt (Farbungsstadium Ia). 2 Tage nach 
der Injektion hatten sie eine deutlich rétliche Farbung, die dem Fiarbungsstadium Ib 
normaler ‘Tiere entsprach. Die anderen 3 Tiere erreichten das Farbungsstadium Ia am 2 
‘Tage, eine von ihnen noch das Stadium Ib am 3. Tage. Sektionsergebnis: Bei allen 7 
‘Tieren waren Epidermis und Malpighische Gefiasse rot, bei einigen auch ein Teil des 
Darminhaltes in der Nahe der Einmiindung der Malpighischen Gefasse. Der Fettkérper 
war in allen Fallen weiss. 

330 CE: 3 Tiere. 2 davon iiberlebten die ersten 3 Tage nach der Injektion. Beide 
zeigten nach 3 Tagen eine Rotfarbung, die nicht in der Epidermis lokalisiert war und sich 
bis zur Sektion am 7. Tag nicht mehr verstarkte. Sektionsergebnis: Epidermis farblos. 
Fettkérper und Darminhalt rot. 

1300 CE: 4 Tiere. Alle 4 anderten 2 Tage nach der Iniektion ihre Farbe: Der vorher 
griine Bereich wurde grau, nur im dorsalen Bereich schimmerte der Fettkérper rot durch. 
2 der Tiere anderten auch ihre Form. Sie nahmen die Vorpuppenform an (Abb. 3). Dic 
Vorpuppe ist hinten nicht spitz wie die Raupe sondern abgerundet. Die einzelnen Seg- 
mente sind stirker gegeneinander abgesetzt als bei der Raupe. (Abb.1d.) 

3300 CE: 17 Tiere. 11 iiberlebten mehr als 3 Tage. Alle 11 zeigten dieselben Verinder- 
ungen von Farbe und Form, wie sie in der vorherigen Versuchsgruppe (1300) CE be- 
schrieben wurden. Bei 6 dieser Tiere war der Ubergang in die Vorpuppenform besonders 
ausgeprigt. Diese Tiere zeigten auch die fiir die Vorpuppe typischen Bewegungen. Diese 
bestehen nicht wie die der Raupe aus abwechselnder Streckung und Kontraktion der 
Segmente sondern wie bei der Puppe aus Rollbewegungen des Abdomens um seine Ling- 
sachse. Sektionsergebnis: Epidermis farblos. Darminhalt und Fettkérper rot. 

6600 CE: 10 Tiere. 6 iiberlebten mehr als 3 Tage. Alle 6 farbten sich am 2. Tag 
schmutzig grau und nahmen die Vorpuppenform an. Nach 3 Tagen war dusserlich zu 
erkennen, dass sich die Cuticula von der Epidermis gelést hatte. Zwischen beiden sammelte 
sich eine schwarze Fliissigkeit an. Sektionsergebnis: Bei 4 Tieren hatte sich der Darminhalt 
rot gefarbt, bei 2 davon auch der Fettkérper. Bei den anderen 4 Tieren war der Fettkérper 
weiss oder gelblich geblieben. 

Die Ergebnisse mit reinem kristallisierten Hormon entsprachen den beschriebenen mit 
Hormonkonzentrat. Die Sterblichkeit der Versuchstiere war grésser: 

13 CE: 4 Tiere, keines iiberlebte 3 Tage nach der Injektion. 

66 CE: 11 Tiere. 7 tiberlebten mehr als 3 Tage. Davon farbten sich 2 um. Eins erreichte 
das Stadium Ib, eins das Stadium Ia. 

130 und 330 CE: Insgesamt 7 Tiere. 4 iiberlebten mehr als 3 Tage, 3 davon fiarbten sich 


um, erreichten aber nur das Stadium Ia. 
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Die histologischen Verdnderungen nach der Injection von Ecdyson. 

Begriindung. Die Versuche mit Dosen von 3300 CE und 6600 CE hatten 
Reaktionen zur Folge die an das normale Vorpuppenstadium und die Puppen- 
hautung erinnern. Histologische Untersuchungen mussten zeigen, ob durch 
Injektion von Ecdyson tatsichlich histologische Veranderungen der Epidermis 
hervorgerufen werden, und wieweit diese den normalen Veranderungen vor der 
Puppenhautung vergleichbar sind. Der normale histologische Zustand der 
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(c) 

ABBILDUNG 6. Querschnitte durch die Epidermis. (a) Normales Tier, Stadium O 
Plattenepithel mit fest anliegender Cuticula. (b) Normales Tier, Stadium IV: Stelze nepithel, 
Cuticula abgelést, erste Schichten der neuen Cuticula an der Aussenseite der I pidermis 
(c) Testabdomen nach Injektion von 6600 CE: Stelzenepithel, an der Aussenseite die ersten 
Schichten der neuen Cuticula, alte Cuticula abgelést, zwischen beiden Exuvialfliissigkeit. 
Etwa 150:1. 


Epidermis in den verschiedenen Fiarbungsstadien war bereits beschrieben worden 
(BUCKMANN, 1953): 

In der griinen fressenden Raupe, Farbungsstadium O, ist die Epidermis ein flaches 
Plattenepithel, dem die dicke Cuticula fest aufliegt (Abb. 6a). Dieser Zustand bleibt tiber 
die Umfirbung hinweg erhalten bis zum Beginn des Stadiums IV. Dann beginnt die 
Hautung im weiteren Sinne: Die Epidermiszellen durchlaufen eine Mitosenperiode. Dann 
strecken sich die Zellen, sodass nacheinander ein kubisches Epithel, und ein Zylinderepithel 
entsteht. Schliesslich strecken sich die Zellen so stark, dass sie seitlich den Kontakt 
mitemander verlieren und zu langen diinnen Protoplasmastriingen werden, es entsteht ein 
Stelzenepithel (Abb. 6b). Schon wiihrend sie sich strecken, bilden die Zellen an ihrer 
Aussenseite die ersten Schichten der Puppencuticula. Die Raupencuticula lést sich ab, 
Zwischen der alten und der neuen Cuticula sammelt sich die Exuvialfliissigkeit. 

Methodik. Von den 10 zur histologischen Untersuchung nach Bourn fixierten Test- 
abdomina wurden jeweils die beiden vordersten Segmente, also das dritte und das vierte 
Abdominalsegment histologisch untersucht. Einbettung iiber Paraffin. Schnittrichtung 
quer zur Lingsachse; Schnittdicke: 9 uw. Gefairbt wurde teils mit Haematoxylin 
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teils mit Haemalaun-Eosin. Einige Schnitte erhielten eine selektive Kernfarbung mittels 
der Feutcenschen Nuclealreaktion, die jedoch nach Bourn-Fixierung nicht besonders 


gut wird 


Ergebnisse. Nach der Injektion von Ringerlésung blieb die Epidermis im 
gleichen histologischen Zustand wie in der griinen fressenden Raupe : ein flaches 
Plattenepithel mit fest aufliegender Cuticula. Dasselbe war der Fall nach allen 
Hormoninjektionen von bis zu 330 CE, also bei ‘Tieren, deren Epidermis oder 
Fettkérper sich umgefarbt hatte. Nach Injektion von 6600 CE zeigten sich 
deutlich charakteristische Veranderungen im histologischen Zustand der Epidermis 
(Abb. 6c). Die Epidermis hat sich in ein typisches Stelzenepithel umgewandelt. 
An ihrer Aussenseite zeigen sich die ersten Schichten einer neugebildeten Cuticula. 
Die alte Cuticula hat sich abgelést. Zwischen beiden befindet sich Fliissigkeit. 
Das histologische Bild entspricht dem eines normalen ‘Tieres im Stadium IV. 
Nur bei einem der 5 histologisch untersuchten ‘Tiere dieser Serie war die histo- 
logische Umwandlung der Epidermis nur bis zum Zylinderepithel fortgeschritten. 
\ber auch hier hatte sich die alte Epidermis abgelést und die ersten Schichten 
einer neuen sind stellenweise deutlich zu erkennen. Der histologische Zustand 
entspricht dem eines normalen ‘Tieres am Beginn des Stadiums IV. 

Besprechung. Die Reaktionen auf die verschiedenen Hormonkonzentrationen 
entsprechen sehr genau verschiedenen Umfarbungsstadien, die in der normalen 
Entwicklung nacheimander eintreten. Die Reaktion auf die schwiichsten Dosen 13 
und 66 CE bestand in der Rétung der Epidermis im dorsalen Bereich neben der 
Rautenzeichnung. Gerade dort wird auch beim normalen ‘Tier im Stadium la die 
Lmfarbung zuerst erkennbar. Nach Injektion von 66 CE erreichte ein Teil der 
‘Tiere auch das Stadium Ib. Nach Injektion von 330 CE entfarbte sich die Epi- 
dermis; Fettkérper und Darminhalt wurden rot. Das entspricht dem normalen 
Farbungsstadium III, wenn sich Fettkérper und Darminhalt rot gefirbt haben, 
die Epidermis sich aber schon wieder entfairbt hat. Die ‘Testabdomina erreichten 
dieses Stadium III, ohne dass sich vorher die Epidermis rot gefarbt hatte. Sie 
iibersprangen die Stadien | und II auf diese Weise. Nach Injektionen von 3300 
und 6600 CE reagierten die ‘Testabdomina durch Ubergang in die Vorpuppenform 
und Ablésung der alten Cuticula. Das entspricht dem normalen Stadium IV, in 
welchem die Puppenhautung im weiteren Sinne in der Epidermis einsetzt. Die 
histologischen Befunde bestatigen, dass es sich bei der Ablésung der Cuticula nach 
Hormoninjektion nicht um rein pathologische Vorginge handelt, sondern dass in 
der Epidermis die normalen typischen und sehr komplizierten Vorgange der 
Puppenhautung abgelaufen sind. Eindeutig pathologisch ist nur die schwarze 
Farbe der Exuvialfliissigkeit. Die abgeliste Raupencuticula scheint bei den 
‘Testabdomina auch nicht ganz so stark in sich selber aufgelést zu sein, wie bei 
normalen ‘Tieren im Stadium IV (vgl. Abb. 6b und 6c), was fiir eine etwas iiber- 
stiirzte Puppenhautung spricht. Sonst aber haben diese Tiere durch das normale 
Farbungsstadium IV reagiert, ohne dass sich vorher die Epidermis und bei einem 
Teil auch der Fettkérper umgefarbt hatte. Die Tiere sind unter Cberspringung 
der Farbungsstadien I-III in die Puppenhautung iibergegangen. 
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Die Reaktion auf die verschiedenen Hormondosen besteht also jewels im 
Ubergang in ein bestimmtes Stadium der normalen Entwicklung innerhalb von 3 
Tagen und unter Uberspringung normalerweise vorhergehender Stadien. Auf 
diesem betreffenden Zustand bleibt die Entwicklung nach 3 Tagen stehen. Je 


héher die Hormondosis ist, desto mehr Stadien werden iibersprungen, desto 
spater liegt also das erreichte Stadium in der normalen Entw icklung. Auf schwache 
Hormondosen erfolgt Umfirbung der Epidermis, auf stirkere Dosen Umfiarbung 
des Fettkérpers und auf sehr starke Dosen Puppenhautung. 


Nachdem es damit gelungen ist, die Umfirbung von Epidermis und Fettkérper 
experimentell an Testabdomen durch Ecdyson auszulésen, kann kaum ein Zweifel 
mehr bestehen, dass auch im normalen Tier die Umfarbung durch dieses Hormon 
ausgelist wird. 


(6) Vorzettige Auslisung der Umfarbung bei jungen Larven 


Begriindung. Die bisherigen Untersuchungen haben ergeben. dass die 
Umfarbung durch das Hautungshormon ausgelést wird. Ausschiittungen des 
Hautungshormons erfolgen bei jeder Larvenhiutung. Es miisste also eigentlich 


auch schon in den jungen Larven bei jeder Larvenhautung eine Umfarbung 


ausgelést werden kénnen. Tatsichlich farben sich aber niemals die jungen Larven 


bei den Larvenhdutungen um sondern nur die erwachsenen Larven vor der 
Puppenhautung. Es war zu untersuchen, ob auch in jungen Larven die Umfarbung 
ausgelést werden kann und warum das normalerweise bei den Larvenhautungen 


nicht geschieht. Es war denkbar, dass die Hormonkonzentration bei den Larven- 


haiutungen nicht ausreicht fiir die Umfirbung. Das war aber unwahrscheinlich, 


weil sich ja gezeigt hatte, dass die Umfirbung zu ihrer Auslésung eine weit gerin- 


gere Hormonmenge bendétigt als die Puppenhautung. Da die Umfarbung 
wahrscheinlich als ein erster Teilvorgang der Verpuppung aufzufassen ist 


(BUCKMANN 1959), ist es viel wahrscheinlicher, dass sie, wie die gesamte Ver- 
puppung, in der jungen Larve verhindert wird durch das Juvenilhormon der 
Corpora allata. In diesem Falle miissten sich junge Raupen nach Ausschaltung 


der Corpora allata umfirben kénnen. Die Exstirpation der Corpora allata ist bei 


den empfindlichen Jungraupen von Cerura vinula bisher nicht gelungen. Es ist 


aber eventuell méglich, die Corpora allata einfach durch Dekapitierung aus- 


zuschalten, ohne damit zugleich die Wirkung des Gehirnhormons auf die Pro- 


thoraxdriise und damit die Ausschiittung des Hautungshormons zu verhindern. 


Nach FuKupa (1944) verpuppen sich namlich junge Seidenraupen vorzeitig, anstatt 


sich zu weiteren Larvenstadien zu hauten, wenn sie in einem bestimmten Zeitraum 


dekapitiert werden. In diesem Zeitraum ist offensichtlich die Ausschiittung des 


Gehirnhormons schon erfolgt, wihrend die des Juvenilhormons noch durch die 


Dekapitation verhindert werden kann. 


Es sollte versucht werden, auf die gleiche Weise auch in jungen Larven von 


Cerura vinula die Corpora allata durch blosse Abschniirung des Kopfes auszu- 


schalten. Dabei bestand die Hoffnung, die Umfirbung miisse sich auf diese 


Weise sogar noch leichter erzielen lassen als eine vorzeitige Puppenhautung, da 
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sie schon durch eine geringere Menge des Hautungshormons ausgelést wird. Sie 
kénnte auch in solchen Fallen noch auftreten, wo die Ausschiittung des Hautungs- 
hormons durch die Dekapitation beeintrichtigt wurde. Um den geeigneten 
Schniirungszeitpunkt zur selektiven Ausschaltung der Corpora allata zu finden, 
mussten méglichst viele Larven in verschiedenen Zeitpunkten eines Hautungs- 
intervalls geschniirt werden. Da die Schniirung zugleich eine vorzeitige 
Beendigung der Fressperiode zwischen den beiden Hautungen bedeutet, war 
in Kontrollserien zu priifen, welche Reaktion schon allein durch diesen vorzeitigen 
Nahrungsentzug bewirkt wird. 


Methodik. Die Untersuchungen wurden mit Larven des vierten (d.h. des vorletzten) 
Larvenstadiums durchgefiihrt. Die Dauer dieses Stadiums unter den Versuchsbedingungen 
(25°C) wurde bei einer Kontrollserie von 147 Tieren ermittelt. Weitere 69 Tiere wurden 
in 4 Gruppen }, 1, 14 und 2 Tage nach der dritten Larvenhéutung vom Futter genommen. 
Durch Abschniirung des Kopfes dekapitiert wurden insgesamt 97 Tiere, und zwar in 
folgenden Zeitabstinden nach der dritten Hautung: 4 Tag (7 Tiere), 1 Tag (8 Tiere), 
1} Tage (45 Tiere), 2 Tage (31 Tiere) und 24 Tage (6 Tiere). Die Tiere der Hunger- und 
Schniirungsexperimente wurden auf Hiautungen, Umfirbungen und die Abgabe roten 
Exkretpigmentes hin kontrolliert und méglichst sofort nach Aussetzen des Herzschlages 


seziert zur Feststellung des Farbungszustandes der inneren Organe. 


Ergebnisse. Die Dauer des vierten Larvenstadiums von der dritten bis zur 
vierten Larvenhautung schwankte bei 147 Tieren zwischen 3 und 4} Tagen. 


Sie betrug in Mittel M 3,7+0,02 Tage (Standartabweichung s = 0,3 ‘Tage). 
Schon 1} Tage vor Eintritt der vierten Hautung, also im Mittel 2,2 Tage nach 


der dritten Hautung héren die Larven auf zu fressen und spinnen sich fest. Kurz 


darauf ist der Beginn der Hiutungsvorginge zu erkennen an der vorgeschobenen 
Kopfkapsel, aus welcher der Kopf zuriickgezogen wird (vgl. v. BUDDENBROCK 
1931). 

Die Hungerversuche zeigen, dass nicht die gesamte normale Fressperiode von 
2,2 ‘Tagen zwischen den Hautungen erforderlich ist: Alle friiher als 1} ‘Tage nach 
der dritten Hautung vom Futter genommenen ‘Tiere starben ohne weitere Hautung, 
aber die nach 14 Tagen vom Futter genommenen vermochten sich noch zu 77 Pro- 
zent zum vierten Male zu hauten, die nach 2 ‘Tagen vom Futter genommenen zu 
100 Prozent. Die Hautungen fiihrten stets zu normalen Tieren des fiinften 
Stadiums, das sich von dem _ vierten morphologisch stark unterscheidet 
(BicKMANN, 1953). Eine Umfarbung der Epidermis fand in keinem Falle statt. 
Dagegen gaben 9 ‘Tiere rotes Exkretpigment aus dem Darm ab. Sie verteilten 
sich iiber alle 4 Versuchsgruppen, d.h. auch Tiere, die schon } und 1 ‘Tag nach 
der dritten Hautung vom Futter genommen worden waren, vermochten Exkret- 
pigment abzugeben. Die Sektion zeigte, dass sogar die meisten Tiere des 
Hungerversuches Exkretpigment gebildet hatten: Bei 58 der 69 ‘Tiere war der 
Inhalt der Malpighischen Gefasse, sonst ein weisser Brei, rosa gefarbt. Bei 16 
von ihnen war ausserdem der Darminhalt leuchtend rot oder orange gefarbt. 

Auch die Schniirungsexperimente fihrten zur Bildung roter Exkretpigmente bei 
fast allen Versuchstieren. 28 Tiere aus allen Gruppen gaben rotes Pigment durch 
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den After nach aussen ab. 74 wurden seziert, 61 davon enthielten rotes Exkret- 
pigment: Bei 7 ‘Tieren war nur der Inhalt der Malpighischen Gefisse rosa gefirbt, 
bei insgesamt 54 war der Darminhalt leuchtend rot oder orange, bei 16 Tieren war 
beides der Fall. 

Alle 4 und 1 Tag nach der dritten Hautung geschniirten Tiere starben ohne 
weitere Hiutung. Von den 1} Tage nach der dritten Hautung geschniirten 
hauteten sich 62 Prozent und von den noch spiter geschniirten 90 Prozent. Die 
Hautungen fiihrten stets zu normalen Tieren des fiinften Stadiums, abgesehen 
davon, dass, wie auch bei den Hungerversuchen, ein Teil der Tiere rotes Exkret 
abgab, was sonst bei keiner Larvenhiutung geschieht. Drei der dekapitierten 
Tiere farbten sich um. Es handelt sich um zwei nach 1} Tagen und ein nach 
2 ‘Tagen geschniirtes Tier. Die Rotfirbung war deutlich ausgeprigt wie die 
normalerweise vor der Puppenhiutung erfolgende Umfarbung der erwachsenen 
Raupen (s. Farbphoto Bild 4). Alle drei Tiere starben, ohne sich noch zu 
haiuten. Bei einem der drei Tiere zeigte die Sektion, dass sich nicht nur rotes 
Exkretpigment gebildet hatte, auch die Ganglien des Bauchmarks waren leuchtend 
rot gefarbt. Die iibrigen Teile des Nervensystems waren dagegen normal farblos. 

Besprechung. Ein iiberraschendes Ergebnis war die leichte Auslésbarkeit der 
Exkretpigmentbildung durch blossen Nahrungsentzug in jedem__beliebigen 
Zeitpunkt des vierten Larvenstadiums. Normalerweise wird nur vor der Verpup- 
pung und nach dem Schliipfen des Falters rotes Exkret abgegeben. Méglicher- 
weise bewirkt der Nahrungsmangel Veranderungen in Stoffwechsel, welche denen 
ihneln, die vor der Verpuppung zur Exkretpigmentbildung fiihren. Vielleicht 
beeintrachtigt der Nahrungsentzug auch die Abgabe des Juvenilhormons durch 


die Corpora allata. Dann wire die Exkretpigmentbildung die empfindlichste 


Reaktion auf die Verschiebung des hormonalen Gleichgewichtes zuungunsten des 
Juvenilhormons, wie sie auch die Verpuppung und die weitere Metamorphose 
herbeifiihrt. Diese Fragen kénnen erst durch weitere Untersuchungen geklirt 
werden. Auch die Rotfirbung der Ganglien bei einem der geschniirten Tiere 
kann vorlaufig nicht gedeutet werden. Bei hunderten im Laufe mehrjahriger 
Untersuchungen sezierter Raupen wurde bisher niemals etwas derartiges 
beobachtet. Es ist auch unbekannt, ob die Rotfarbung eine Folge der Schniirung 
oder schon vorher vorhanden war. 

Im Ubrigen ergibt sich folgendes Bild iiber die Vorgange im vierten Larven- 
stadium: Von den 3,7 ‘Tagen, die es durchschnittlich dauert, sind die ersten 1} die 
obligatorische Fressperiode. Nach ihrem Ablauf sind die Larven unabhangig von 
weiterer Nahrungsaufnahme zur vierten Hiutung in der Lage. Die Dekapitation 
verhinderte 1 Tag nach der dritten Hautung 100 Prozent, 1} Tage nach der 
dritten Hautung nur noch 38 Prozent und noch spiter 10 Prozent der Tiere an 
der vierten Hautung. Die Ausschiittung des Gehirnhormons, welche die vierten 
Hautung einleitet, muss also bei tiber 60 Prozent der Tiere 1} Tage nach der 
dritten Hautung schon erfolgt sein. Der giinstige Zeitraum fiir eine etwaige 
Ausschaltung der Corpora allata ohne Beeintrichtigung der Wirkung des Gehirn- 
hormons muss direkt nach der Ausschiittung des letzteren liegen. Er war also im 
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Zeitraum 1} bis 2 Tage nach der dritten Hautung zu vermuten. In diesem 
Zeitraum wurde iiberwiegende Teil der Versuchstiere dekapitiert, insgesamt 76 
Tiere. Dennoch wurde in keinem Fall ein Schniirungszeitpunkt zwischen der 
Ausschiittung des Gehirnhormons und der des Juvenilhormons getroffen, denn 
in keinem Falle folgte eine vorzeitige Puppenhautung. Das spricht dafir, dass im 
vierten Larvenstadium von Cerura vinula diese beiden Hormonausschiittungen 
einander in sehr kurzem Zeitabstand folgen, sich wahrscheinlich sogar zeitlich 
‘iberschneiden. Die rote Umfarbung aber erfolgte in drei Fallen. Sie wird also 
tatsichlich durch Dekapitation bei jungen Larven erméglicht. Es ist anzunehmen, 
dass in diesen Fallen die Dekapitation die Ausschiittung des Juvenilhormons 
rechtzeitig verhinderte, aber auch die des Gehirnhormons noch stark beeintrach- 
tigte. So kam es zu einer unvollkommenen Aktivierung der Prothoraxdriise und 
zur Ausschiittung einer nur geringen Menge Hautungshormon. Diese langte dann 
zur Auslésung der Umfarbung aber nicht mehr zu derjenigen der Hautung. Fiir 
die Méglichkeit, dass nach Abschniirung des Kopfes eine anomal geringe Menge 
Hiutungshormon ausgeschiittet wird, sprechen schon friihere Befunde von KUHN 
und PrepHo (1936) und BicKMANN (1953), wo es nach Dekapitation zu Teilver- 
puppungen, bzw. zu Teilumfarbungen kam. Dass die vorzeitige Umfairbung der 
jungen Raupen nach der Dekapitation speziell auf der Ausschaltung der Corpora 
allata beruht, ist zwar nicht streng bewiesen, doch scheint die vorgetragene 
Annahme die plausibelste Deutung der Befunde zu sein. 

Auf jeden Fall ist gezeigt, dass auch in jungen Larven die Umfarbung auslésbar 
ist. Da sie durch Dekapitation erméglicht wurde, ist zu schliessen, dass sie 
normalerweise durch ein im Kopf gelegenes Zentrum verhindert wird. Dass 
dieses Zentrum die Corpora allata sind, ist sehr w ahrscheinlich. Die Tatsache, dass 
in den Versuchen die Umfirbung statt der vierten Larvenhautung erfolgte, spricht 
datiir, dass sie auch in diesen jungen Raupen durch das Hautungshormon ausgelést 


wurde. 


DISKUSSION 
Die experimentellen Ergebnisse vermitteln folgendes Bild von der Auslésung 
der Umfarbung vor der Puppenhautung: Am Anfang des letzten Larvenstadiums 
ist eine Periode ununterbrochener Nahrungsaufnahme von 4 ‘Tagen obligatorisch. 
Wird den Larven schon vorher die Nahrung entzogen, so vermogen sie sich nicht 
mehr normal umzufarben und zu verpuppen. Nach dieser Periode sind die Larven 
zur Umfirbung in der Lage, und dieselbe folgt, unabhiangig davon, ob die Larven 
noch weiter fressen und wachsen oder nicht, durchschnittlich 5,6 Tage nach der 
letzten Larvenhautung. Die Umfarbung wird ausgelést durch einen stofflichen 
Faktor, der 6 Stunden vorher von einem thorakalen Zentrum abgegeben worden 
ist. Dies thorakale Zentrum muss seinerseits vom Kopf her aktiviert werden. 
Durch Enthirnung kann ebenso wie durch Abschniirung des ganzen Kopfes 
die Aktivierung des thorakalen Zentrums verhindert werden, und die Umfarbung 
bleibt aus. Das im Kopf gelegene Zentrum, welches den Anstoss zur Umfarbung 
gibt, ist also sehr wahrscheinlich das Gehirn. Doppelte Schniirungen zeigen, 
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dass es die Umfiarbung nicht direkt auslést sondern eben iiber ein thorakales 
Zentrum. Einfache Schniirung hinter dem Thorax verhindert die Ausbreitung 
des umfarbungsauslésenden Faktors von dem thorakalen Zentrum her, und nur 
das vor der Ligatur gelegene Kérperstiick farbt sich um. Das hintere bleibt griin. 
In solchen griingebliebenen Hinterstiicken durchschniirter Raupen, liasst sich aber 
die Umfirbung der Epidermis auslésen durch Injektion kleiner Mengen des 
Hautungshormons «-Ecdyson. Stirkere Dosen dieses Hormons bewirken die 
Umfarbung des Fettkérpers und sehr grosse Dosen bewirken die Puppenhautung 
ohne vorherige Umfarbung. Ein und dasselbe Hormon zeigt also in verschiedenen 
Konzentrationen qualitativ verschiedene Wirkungen. Nach diesen Ergebnissen ist 
der umfarbungsauslésende Faktor das Hautungshormon 2z-Ecdyson in geringer 
Konzentration. Das umfarbungsauslésende Zentrum muss demnach der Bildungs- 
ort dieses Hormons sein, also die Prothoraxdriise. Das stimmt gut iiberein mit 
den Ergebnissen der Schniirungsexperimente, denenzufolge das umfarbungsauslé- 
sende Zentrum im Thorax gelegen ist und vom Gehirn aktiviert werden muss. 
Beides trifft ja fiir die Prothoraxdriise zu. 

Im Injektionsexperiment bestand die Reaktion auf verschiedene Dosen 
a-Ecdyson immer im Erreichen eines Zustandes, der einem Stadium der Normalent- 
wicklung entsprach. Die dem betreffenden Stadium normalerweise vorher- 
gehenden Entwicklungsstadien wurden iibersprungen. Je stirker die Hormondosis 
war, ein desto fortgeschritteneres Stadium der Entwicklung wurde erzielt. Danach 
kann man sich die Ursache der Reihenfolge dieser Stadien in der normalen 
Entwicklung folgendermassen vorstellen: Die Konzentration des a-Ecdysons im 
Kérper steigt allmahlich an, sodass sie nacheinander ausreicht, um die einzelnen 
Stadien auszulésen, zunichst die Umfirbung der Epidermis, dann die des 
Fettkérpers, darauf das Wiederverblassen der Epidermis und schliesslich die 
Puppenhautung. Diese Vorstellung entspricht der in der Einleitung unter 3(a) 
aufgefiihrten Hypothese nach Piepno. Fiir ihre Richtigkeit spricht auch die 
Tatsache, dass der Ubergang vom Firbungsstadium II in das Stadium III. das 
Wiederverblassen der Epidermis, ebenfalls im hinteren Kérperstiick durch 
Abschniirung verhindert werden konnte. Wenn die angefiihrte Hypothese 
richtig ist, muss sich ja die Entwicklung praktisch auf jedem beliebigen Stadium 
durch Abschniirung weiterer Hormonzufuhr zum Stehen bringen lassen. 

Uber die Bedeutung der Einwirkungsdauer des Hormons fiir die Art der 
Reaktion, d.h. also iiber die Bedeutung des “Zeitfaktors der Hormonwirkung”’, 
auf den Karson, 1955, besonders hinwies, geben die vorliegenden Experimente 
nicht eindeutig Auskunft. Im Injektionsexperiment erfolgten die verschiedenen 
Reaktionen auf die verschiedenen Hormondosen immer innerhalb von 3 Tagen. 
Ausschlaggebend fiir die Art der Reaktion war also nur die Hormonkonzentration, 
nicht die Einwirkungsdauer. Dass die Entwicklung in jedem Fille nach 3 Tagen 
stehenblieb, spricht fiir die Richtigkeit der Vermutung von Karson (1954), dass 
das Hormon im Kérper bald inaktiviert wird. Im Experiment wurde immer die 
gesamte verwendete Hormondosis auf einmal injiziert. Dagegen miissen wir 
annehmen, dass im natiirlichen Verlauf eine grosse Hormonkonzentration nicht 
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plétzlich wirksam wird, ohne dass schon vorher das Hormon in niedrigerer 
Konzentration wirkte. Mit der langsam ansteigenden Hormonkonzentration 
erhéht sich laufend seine Gesamteinwirkungsdauer. Auch wenn die Hormon- 
konzentration nicht die ganze Einwirkungsdauer iiber gleich hoch ist, kommt also 
doch der Zeitfaktor der Hormonwirkung in der normalen Entwicklung zur 
Geltung. Auf seinem Fehlen bei der plétzlichen Injektion hoher Hormondosen 
beruhen wahrscheinlich die pathologischen Begleiterscheinungen der experi- 
mentell ausgelésten Puppenhautungen, vor allem die Schwirzung der Exuvial- 
fliissigkeit und der relativ friihe ‘Tod der Versuchstiere. 

Eine weitere noch nicht geklirte Frage ist die nach der Wirkung des Ecdysons 
auf die Atmungsfermente. Vor der Puppenhautung von Cerura vinula stellt die 
Ommochrombildung die friiheste erfassbare Wirkung des Ecdysons dar. Bei der 
Imaginalhiutung von Platysamia cecropia fanden SCHNEIDERMAN und WILLIAMS 
(1953, 1954) als friiheste erfassbare Reaktion eine Veranderung im System der 
Atmungsfermente. In der der Imaginalentwicklung vorausgehenden Puppen- 
diapause ist die gesamte Atmung stark herabgesetzt und die Aktivitat der einzelnen 
Atmungsfermente veraindert. So fehlt vor allem die Cytochromoxydase fast 
vollstandig. Wenn die Imaginalentwicklung einsetzt, werden als erstes diese 
Veranderungen riickgingig gemacht, und die Cytochromoxydaseaktivitat steigt 
an. Es lag die Vermutung nahe, dass die erste und unmittelbare Wirkung des 
Hautungshormons diese Umstellung im System der Atmungsfermente sei. 
Dagegen ist nicht zu vermuten, dass dasselbe bei der Umfarbung von Cerura der 
Fall ist. Die Ommochrombildung kann wohl mit enzymatischen Verinderungen 
zussammenhangen, aber wohl kaum mit solchen Veranderungen der Aktivitat der 
einzelnen Atmungsfermente wie sie der Imaginalhiutung von Platysamia voraus- 
gehen. Auch bei Platysamia erfolgt sie nur vor der Imaginalhautung, nicht vor 
der Puppenhautung. Im Gegenteil: Im Augenblick der Puppenhautung ist schon 
der umgekehrte Prozess im Gange, namlich der starke Abfall der Cytochromoxy- 
dase—Aktivitaét, der zum Zustand der Puppendiapause tiberleitet. Soweit wir 
wissen, werden alle Hautungen durch das Hiautungshormon, also Ecdyson 
ausgelést. Der Anstieg der Cytochromoxydase-Aktivitat ist aber nicht fiir alle Haut- 
ungen charakteristisch sondern nur fiir solche, die zugleich das Ende einer Diapause 
bedeuten. Es ist méglich, in ihm nicht die erste direkte Reaktion auf das Hautungs- 
hormon zu sehen, sondern eine indirekte, némlich eine Folge der Ankurbelung 
des Stotfwechsels durch andere von dem Hormon eingeleitete Entwicklungsprozesse. 

Interessant ist ein Vergleich der verschiedenen Mengen von a-Ecdyson die zur 
Auslésung verschiedener Reaktionen bei verschiedenen Arten benétigt wurden. Die 
empfindlichste bisher bekannte Reaktion ist die Pupariumbildung bei Calliphora. 
Sie ist zu erkennen an der Verhartung und Braunung der Larvencuticula. Wieweit 
auch die eigentliche Hautung ausgelést wurde, ist nicht klar. Das isolierte 
Calliphora-Abdomen reagiert durch Puparisierung in 50-70 Prozent der Fille 
auf eine Calliphora-Einheit (CE). Das ist die Definition der CE (Karson, 1955). 
Ein isoliertes Calliphora-Abdomen wiegt etwa 50 mg. Die Umfarbung der 
Epidermis von Cerura vinula konnte in 50 Prozent der Fille ausgelést werden 
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durch 66 CE. Das sind etwa 1,6 CE pro 50 mg Kérpergewicht. Damit ist die 
Umfiarbung von Cerura vinula neben der Pupariumbildung von Cailliphora eine 
der empfindlichsten Reaktionen auf x-Ecdyson. Vielleicht hangt die grosse 
Empfindlichkeit dieser beiden Reaktionen damit zusammen, dass es sich nicht um 
eigentliche Hautungen handelt, sondern um die ersten eine Hautung vorbereitenden 
Prozesse. Die empfindlichste Reaktion durch eine vollstandige Hautung fanden 
LUscHeR und KarLson (1958) bei der Termite Kalotermes flavicolis. Nach Injek- 
tion von 2,5 CE pro ‘Tier hauteten sich iiber 50 Prozent der Versuchstiere. Bei 
der Wanze Rhodnius prolixus benétigte WiGGLeswortH (1955) 100 CE pro ‘Tier 
zur Auslisung einer Hiutung. An Lepidopteren erprobte (1954) das 
a-Ecdyson. Er konnte bei Samia walkeri die Imaginalhautung isolierter Puppen- 
abdomina auslésen durch 1667 CE pro ‘Tier. Die vermutlich etwa gleich grossen 
isolierten Raupenabdomina von Cerura vinula benétigten zur Auslésung der 
Puppenhautung 3300 CE. Das liegt in der gleichen Gréssenordnung. Es ist aber 
doch die héchste bisher bei einem Insekt zur Auslésung einer Hautung gebrauchte 
Hormonmenge. Das kann natiirlich mit physiologischen Artunterschieden 
zusammenhangen. Wahrscheinlich hingt es aber mit dem Zeitpunkt der Isolierung 
des Abdomens zusammen. Die verwendeten Larven von Cerura vinula waren 
ja noch vor der Umfarbung geschniirt worden. Diese liegt aber mehr als 10 ‘Tage 
vor der Puppenhautung. Wahrscheinlich wiirden sehr viel geringere Hormon- 
mengen erforderlich sein, um Abdomina zur Puppenhautung zu veranlassen, 
die erst kurz vor dem Ubergang in die Vorpuppe isoliert worden sind. Es ist 
sogar bemerkenswert, dass die Puppenhautung iiberhaupt bei so friih isolierten 
Abdomina ausgelést werden konnte. Die Puppenhautung anderer Lepidopteren, 
nimlich von Galleria mellonella und Ephestia kiihniella konnte durch Ecdyson- 
Injektion iiberhaupt nur bei solchen Tieren ausgelést werden, die erst im 
Vorpuppenstadium durchschniirt worden waren (HANSER und Karson, 1957). 
Nach einer Annahme von Becker, 1941, fehlt in solchen Fallen vorher eine 
besondere Aktivierung der Epidermis, die diese erst zur Reaktion auf das 
Hautungshormon befiahigt. Nach den neuen Ergebnissen an Cerura vinula ist es 
wahrscheinlich, dass diese Aktivierung nicht durch ein eigenes von BECKER 
angenommenes “‘Aktivierungshormon” erfolgt, sondern durch langere Einwirkung 
einer niedrigen Konzentration des Hautungshormons selber. 

Dass nicht nur das Hiutungshormon sondern auch das Fuvenilhormon die 
Umfarbung beeinflusst, wird sehr wahrscheinlich durch die in Abschnitt 6 geschil- 
derten Experimente. Sie zeigen, dass durch Dekapitierung die Umfirbung auch 


in jungen Larven herbeigefiihrt werden kann. Das spricht dafiir, dass die Um- 


firbung, genauso wie die Puppenhiutung und alle weiteren Metamorphosepro- 
zesse, in der jungen Larve verhindert wird durch das Juvenilhormon der Corpora 
allata. Das wiirde bedeuten, dass die Umfiarbung durch dasselbe hormonale 
System und auf die gleiche Weise gesteuert wird wie die gesamte Metamorphose. 
Ahnlich wie es in Bezug auf die Auslésung durch das Hautungshormon der Fall 
ist, kénnte sich die Umfarbung von der Puppenhautung unterscheiden in der 
Menge des Juvenilhormons, die zu ihrer Hemmung erforderlich ist. 
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Die wichtigsten Folgerungen, tiber die Physiologie der Verpuppung, die sich 
aus den geschilderten experimentellen Ergebnissen ziehen lassen, sind folgende: 


(1) Der Zeitpunkt der Ausschiittung des Hautungshormons 


Wenn die Umfarbung durch eine niedere Konzentration desselben Hormons 
ausgelést wird, das die Puppenhautung bewirkt, muss dieses Hormon schon 


lange vor der kritischen Periode der Puppenhautung im Kérper vorhanden und 


wirksam sein, wenn auch eben in geringer Konzentration. Damit ergibt sich die 
Méglichkeit, dass nicht nur die Umfirbung sondern auch andere Vorgiinge, 
welche schon der kritischen Periode der Puppenhautung ablaufen, durch dieses 


Hormon ausgelést werden. Das gilt vor allem fiir die Anderungen im Verhalten 
der ‘Tiere: das Verlassen des Futters und den Kokonbau. Sie fallen zeitlich stets 


mit der Umfarbung zusammen, was besonders fiir eine Auslésung durch dasselbe 
Aktionssystem spricht. Auch konnte fiir den Kokonbau bereits gezeigt werden, 
dass er in jungen Larven durch das Juvenilhormon der Corpora allata unterdriickt 
wird (PrepHo, 1950). Die Méglichkeit einer Auslésung durch niedrige Konzen- 
tration des Hautungshormons gilt ferner fiir die wachsende Determination der 


Epidermis zur Puppenhautung, fiir die PrepHo sie schon 1942 vermutete. Sie 


gilt schliesslich auch fiir alle anderen noch nicht analysierten physiologischen 


Vorbereitungen der Verpuppung, wie die Stoffwechselumsteuerung, die zur 


Bildung des roten Exkretpigmentes fiihrt. 


(2) Die Erfolgsorgane des Haéutungshormons 


Das sicher bekannte Erfolgsorgan fiir das Hautungshormon Ecdyson ist die 
Epidermis, ihre Reaktion besteht in den Hautungen. Die Verpuppung und die 


weitere Metamorphose bestehen aber in Verinderungen auch in allen inneren 


Organen. Es war zu vermuten, dass auch diese Verinderungen durch das 


Ecdyson bewirkt werden, wie schon der fiir dies Hormon verwendete Ausdruck 
“Metamorphosehormon”’ besagt (BUTENANDT und Karson, 1954). Die Versuche, 


in denen es gelang, in isolierten Abdomina von Cerura durch Ecdyson die Umfiar- 


bung des Fettkérpers auszulésen, zeigen nun direkt und besonders klar, dass das 


Ecdyson tatsichlich auch auf die inneren Organe wirkt, und dort Vorginge 


steuert, die unmittelbar mit den epidermalen Hautungsprozessen nichts zu tun 


haben. 


(3) Die Wirkungsweise des Haéutungshormons 


Die epidermalen Hautungsvorginge, die durch Ecdyson ausgelést werden, 


sind ausserordentlich komplex. Sie lassen sich nicht soweit analysieren, dass man 


sie auf einfache biochemische Reaktionen zuriickfiihren kénnte. Der einzige 


chemisch erfasste Teilvorgang, die Sklerotisierung der Cuticula, erwies sich als 
nicht direkt vom Ecdyson abhangig (KARLSON und Scumip, 1955). Die Umfir- 
bung dagegen besteht in der Bildung von Ommochromfarbstoffen. Von diesen 


ist der Weg ihrer Enstehung im Insektenkérper aus Tryptophan iiber verschiedene 
Zwischenstufen, und z.T. auch schon die chemische Struktur bekannt (BUTENANDT 
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und Mrirarseirer, 1954, 1955). Das Auftreten der verschiedenen Ommochrom- 
farbstoffe und die Verainderungen ihrer Mengen in den verschiedenen Farbungs- 
stadien von Cerura konnten bereits quantitativ erfasst werden (BUCKMANN, 
BIEKERT, NeuBertT und LInzeNn, unverdéffentlicht). Die Umfarbung stellt eine 
Wirkung des Ecdysons auf einen in seinen einzelnen Schritten gut erfassbaren 
chemischen Vorgang dar. Es besteht die Hoffnung, diese Wirkung noch genauer 
analysieren zu kénnen, durch Ermittlung des direkten Angriffspunktes des 
Hormons in der vom Tryptophan zu den Ommochromen fiihrenden Kette von 
Reaktionen. 


Da angenommen werden muss, dass die Umfirbung auf Stoffwechselumsteu- 
erungen beruht, die zur physiologischen Vorbereitung der Metamorphose gehéren, 
gestattet sie gleichzeitig erste Riickschliisse auf den Zeitpunkt und die Natur 
derartiger Prozesse und damit den allerersten Beginn aller Metamorphosevorgange. 
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Abstract—The peculiar stimulation of mosquitoes by host blood, which usuall 


ensures gorging and subsequent lispatch of the food to the midgut, may be supposed 


to be either tactile or gustator Having examined various properties o! dietary blood 
for their effects upon the feeding responses of Culex pipiens var. pallens 4 »quillett 
evidence has been obtaime i that the blood stimulants are predominant! chemical 
and that the responsible substance or substances must be 
ervthrocytes as well as of other living cells, rather than the fluid part of the blood, but 
that it 1s neither haemoglobin nor an other compoun is heretotore 
to the mosquito, differs qualitati 


some components of the 


suspected The 
blood stimulus though exceeding] acceptable | 


from that of sugars NaCl and similar inorgank chlorides in adequate concentrations 


ht degree of the blood-like stimulation Thev are obviously reyectec 


also exhibit a slig i 


at higher concentrations (Ismotic pressure has no tundament al influence upon sugar 
feeding, but it can iffect blood feeding, since hypotonic solutions of haemo sed 


ervthrocytes are refused bv the msect if the re not sweetened with sugar Guide 1 bi 


such findings, it was possible to extract from ox blood cells a substance possessing 


action of the blood stimulus lhrough ion-exchange chrom itographic separation this 
was identified as adenyl« vid. Comparison of the effects of several nuc leotides and 
their related compounds suggests that adenosine-5’-phosphates ot blood cells afford 


the main stimulus which promotes gorgine * f the mosquito on a blood me il. Accept- 


ability of the other compounds 1s also discussed in relation to thet chemical structure. 


INTRODUCTION 
IN mosquitoes two types of food are commonly known, 1.¢. blood and sugary 
fluids, of which the former, when gorged under natural circumstances, 1S dis- 
patched primarily to the midgut, whereas the latter goes to the crop. Despite the 
reater or lesser divergence which might appear in the above sequence under 


g 
recent authors are generally in agreement with BisHop 


laboratory conditions, 
and Gitcurist (1946), who state that in Aedes aegypti it is the nature of the food 
and not the method of feeding which determines whether the food goes into the 
stomach or diverticula (TREMBLEY, 1952: Day, 1954; Hosol, 1954a). 

This. however, does not solve the problem how mosquitoes discriminate 


between different foods and deal with it suitably. Thus in 1954 Day and the 


* \ short communication of this work is to appear in Nature under the heading * Adenosine- 


gent of blood to induce gorging of the mosqu 


5’-phosphates as the stimulating : 
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present writer came to somewhat divergent opinions about the ‘switching mechan- 
ism’ of food ingestion. Later investigations to be described elsewhere led the 
writer to agree with Day in recognizing that some of the buccal sensilla receive 
either the sugar or blood stimulus or both, discharging impulses which eventually 
reach the cardiac sphincter via the nerve centre and control its relaxation. In the 
same work further evidence is given in support of the writer’s view that the tip 
of the labium also detects sugars but not blood; whereas the labrum is no longer 
considered as bearing any specific chemoreceptors. ‘These conclusions represent 
partial confirmation of the fact previously observed by Frincs and HAaMRUM 
(1950) that the labellum and tarsi are the loci of contact chemoreceptors in adult 
Aedes aegypti.* It is because of this complexity in the mosquito’s feeding mechan- 
isms that the earlier contention by MacGrecor (1930, 1931) seems to turn out 
once more to be tenable in its revised form; i.e. in certain instances the method 
of feeding evidently does alter the destination of food. For instance, in the pres- 
ence of a strong sugar stimulus on the labellum of Culex pipiens var. pallens 
Coguillett, sugar-free blood presented to the unsheathed fascicle passes, not to the 
midgut, which is the normal destination of the meal, but directly to the crop 
(Hoso1, unpublished). 

Leaving aside such complications, it is evident that the dietary blood exerts 
two peculiar effects upon mosquitoes; first, it causes engorgement without any 
aid from additional sugars; secondly, it is readily drawn into the midgut. The 
facts indicate that the stimulants afforded by blood are qualitatively different 
from those afforded by sugars. Current opinion is inclined to attribute them to 
blood cells rather than to plasma. So far as the writer is aware, however, no 
convincing accounts have ever been given of the nature of the stimulating principle 
of blood.+ Fisk (1950) was unable to feed Aedes aegypti on artificial foods pro- 
vided with one or more factors from the blood. BisHop and GiLcurist (1946) 
noted the significant effectiveness of their (!) haemoglobin. In contrast, Day 
(1954) appeared to ascribe the effect to the particulate property of blood cells. 
Hosor (1954a) was not conclusive about whether tactile or chemical stimuli 
elicited the responses. 

Investigations were therefore undertaken in an attempt to determine which 
blood factors mosquitoes accept eagerly and yet discriminate clearly from sugars. 
The effectiveness of substances was tested with Culex pipiens var. pallens Coquillett 
by one or more methods of feeding, and the experiments were carried out con- 


currently with those designed particularly for analyses of the ‘switching mechan- 


ism’. These analyses were concerned largely with loci and sensory acuity of the 
receptors of contact stimuli. For the sake of avoiding confusion, however, the 
present account will be confined to elucidation of the first problem. 


* The writer is indebted to Professor H. Frincs of the Pennsylvania State University, who 
kindly notified him about this article and reproduced a copy of it for his use. 

+ That none has, is also affirmed by Professor V. G. DeTHieR in a personal communication 
dated 24 February 1958. 
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GENERAL METHODS 


The mosquito. A laboratory maintained strain of Culex pipiens var. pallens Coquillett 
furnished the sole source of test animals. It was chosen because of its thoroughly studied 
biting behaviour in relation to the conditions of breeding (Hoso1, 1954b). Unless other- 
wise stated, adult females raised at 20-25 C were allowed to feed on a 2 per cent solution 
of glucose for indefinite periods ranging from 2 days to 4-5 weeks before they were sugar- 
starved for subsequent use. Usually they were not employed repeatedly, a precaution 
against the possibility of their response changing as a consequence of a feeding 
test. 

Feeding techniques. Test liquids were offered to the mosquito from cotton-wool 
saturated with them. In earlier experiments a voluntary feeding technique was applied 
to caged animals. It was soon abandoned and replaced by a kind of forcible feeding which 
had the following advantages: (1) elimination of variance derived from tactic responses; 
(2) possibility of terminating the feeding, if desired, within a few minutes, thus minimizing 
evaporation or sedimentation of the food; and (3) possibility of direct observation upon the 
act of drinking and timely determination of the food destination. One disadvantage 
was the impossibility of employing a large number of the insects while the experimental 
conditions were kept nearly constant. 

A mosquito to be fed forcibly was imprisoned singly in a pencil-shaped glass tube so 
as to allow protrusion of the proboscis through the narrower opening of the tube. The 
tube was stoppered at the rear end of the insect with a cotton-wool plug fastened to a wire 
rod, which prevented any accidental avoiding movements of the animal during the test. 
The tube was then mounted on a slide glass with the aid of a rubber band, placed under 
a dissection microscope, and the test liquid was brought into contact with the tip of the 
proboscis, being warmed previously to an initial temperature of 40-50°C. Although no 
effort was made to unsheathe the stylets artificially, as did MacGrecor (1930), the above 
technique could nevertheless be regarded as ensuring forcible feeding, since the mosquito 
was obliged to taste the offered liquid. Participation of the labellar sense organs in recep- 
tion of the food stimuli did not cause much difficulty in judging the result for the present 
purposes, since these organs are almost insensitive to the blood stimulus. Gorging, if it 
took place with full vigour, was accomplished within a minute or two. In colder seasons 
the entire apparatus was placed inside of a frame-work supporting a cellophane sheath, 
within which atmospheric temperatures of 25-30°C could be constantly maintained by 
electric heating. 

Judgment of effectiveness. The stimulative power of test liquids was measured essentially 
by the method developed by von FRiscu (1934), ratios of positive responses.as well as 
grades of crop or midgut loads being taken as indices of acceptability. Under the present 
conditions, almost every mosquito drank a given liquid at least in a very small amount, 
irrespective of whatever factors it contained, and a trace of it almost invariably went to 
the midgut. For this reason, acceptance of a liquid was mainly determined by the ratio 
of the animals which fed to repletion. The grade of satiation was estimated by observation 
on abdominal distension. Although in engorged females the destination of the food was 
roughly discernible from outside, it was confirmed by dissection whenever this procedure 
seemed necessary. Occurrence of full midguts in a significant number was routinely 
regarded as an indication of the presence of blood-like stimulants in the test liquids. In 
some comparative studies, numbers of partially fed animals were also assessed to supple- 
ment the data. 

Material. The investigations were carried out along two parallel lines. The main 
course was directed to analyses of blood components and subsequent isolation of an accept- 
able compound or compounds. The other was aimed at providing liquids capable of 
simulating the stimulatory effect of blood. Experiments of the first category were per- 
formed almost exclusively with citrated ox blood. Detailed descriptions for the preparation 
of the test liquids will be given in the following sections together with the results. 
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TERUHIKO Hosot 
RESULTS AND DISCUSSION 
A. Feeding Responses to Various Contact Stimulants 


1. Distilled water, salines, and glucose 


During the beginning of this work it was not certain that blood and sugars 
were the only substances acceptable to the mosquito. FULLEBORN (1908, 1932) 
asserted that under forced conditions Anopheles maculipennis imbibes, occasionally 
until satiation, solutions of a great many compounds, indiscriminately. Since 
blood contains a variety of inorganic salts in addition to a small amount of glucose, 
some of them might possibly be responsible for the stimulatory action. In view 
of this the following materials were examined either singly or in combinations 
by both the voluntary and forcible techniques of feeding: distilled water, 0-15 M 
NaCl, 0-15 M KCl, 0-1 M CaCl,, Ringer, and 2-5 per cent glucose. 

Altogether 389 females were thus fed, giving rise to 142 cases of engorgement 
(with a small number of partial feeding included). \pparently the forcible method 
gave slightly better results than the voluntary, especially with glucose-free solu- 
tions; but the differences were not highly significant. No mosquitoes fed to 
repletion on distilled water, whereas small percentages did so on some of the 
glucose-free salines. In such instances, a solution of KC] or NaCl seemed prefer- 
able to that of CaCl, or Ringer, though not much could be inferred from the 
differences on account of the probable heterogeneity in the nutritional conditions 
of the animals tested. In all, 20 out of 173 took relatively large amounts of the 
sugar-less solutions of KCI or NaCl, which distended the midgut at least partially, 
and the crop to varying degrees. A full midgut in conjunction with an almost 
empty crop was demonstrated in only three, or less than 2 per cent of the animals 
exposed ; one of these gorged KCI and the other two NaCl. In marked contrast, 
all the liquids sweetened with glucose caused high proportions of full feeding, 
sometimes attaining 100 per cent, and the bulk of the food invariably went to 
the crop. 

It seems likely that the acceptance of NaCl and similar chlorides is not 
dependent upon abnormal conditions of the mosquito but upon a definite response 
to these compounds themselves, and further evidence is given below (Section 
B, 2). There are two factors which possibly account for the relative ease of saline 
ingestion as compared with distilled water. Either osmotic pressure of the liquid 
food influences the act of aspiration (Section B, 3), or the salts are tasted by the 
mosquito, or both factors may be concerned. Although most of the electrolytes 
thus far tested on insects are rejected, some of them are known to become 
more acceptable than distilled water at subliminal concentrations (DETHIER and 
CHADWICK, 1948). BuTLer (1940) has confirmed this with the honeybee and 
F'RINGs (1946) with the cockroach. Allowing, by analogy, that the above stimula- 
tion of the mosquito by salines is gustatory, the modality should be different 
trom that of sugar, since the salt solutions readily enter the midgut. The result 
is in accord with the observation by KapLerz and Kusmina (1929). who also 
stated that NaCl leads a blood meal to the midgut. In stimulation of the 
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tarsal receptors of a butterfly by NaCl, Morita et al. (1957) successfully recorded 
trains of sensory impulses distinct in their pattern from those elicited by sucrose. 


As regards the destination in the mosquito, the salines bear a resemblance to 


blood; nevertheless, their stimulative power seems hopelessly small in comparison 


with that of blood. In fact, they are seldom taken to repletion; and if gorging 


takes place at all, it is accomplished only with a considerable delay. 


2. Blood and its components 


In view of the fact that Stomoxys and Lyperosia readily gorge on blood serum 
(KrijGsMAN, 1930; KrijGsMAN and WINpDRED, 1930), it would seem somewhat 
strange that mosquitoes feed reluctantly on plasma or serum (BisHop and GiL- 
CHRIST, 1946; Day, 1954; Hoso1, 1954a). Further examinations were, therefore, 
made on blood and its major components. The following meals were presented 


either by voluntary or forcible techniques of feeding: (1) citrated ox whole blood; 


(2) suspensions of thrice-washed ox blood cells in plasma, serum, Ringer, 0-15 M 


NaCl, or 0-15 M KCI; and (3) ox plasma or serum alone. In each series, aliquots 


were made up to 2 per cent solutions with respect to glucose. In all, 865 females 


were exposed and 627 fed to repletion. ‘The trends of gorging activity are repre- 
sented in Fig. l(a) and (c). 
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Evidently there exists a kind of resistance or difficulty for the insect to detect 
blood offered in the form of a free liquid, which is indicated by the significantly 


lower percentages of satiation for the voluntary feeding as compared with the 


forcible one (Fig. I(a): 1) — vs. F—). A similar difference is also experienced 


with cell-free plasma although it is not shown in Fig. 1. That failure 
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to eat is not due to the lack of attractive odours in blood or serum, but due 
to the lack of some preliminary contact stimulation, is manifest from the com- 
parison of the voluntary feedings in the presence or absence of glucose (Fig. 1(a): 
l’— vs. +). Addition of 2 per cent glucose greatly improves the feeding activity 
on any liquids regardless of the method of presentation, thus eliminating the 
initial difficulty of aspiration. Whether the facilitation arises from the tarsi or 
the labellum was not determined, though both seem probable. The forcible 
feeding may also exert a trigger action upon the labellum in place of glucose. 
Under the forced condition, the mosquito imbibed glucose-free suspensions 
of blood cells nearly as readily as sweetened ones (Fig. l(a): F— vs. F+). In 
contrast, sugarless plasma was not gorged so avidly as sweetened plasma under 
similar conditions of feeding (Fig. l(c): F— vs. F+). Moreover, the bulk of the 
ingested plasma seldom went to the midgut even in the absence of glucose, and 
never when it contained sugar, regardless of the method of feeding; whereas the 
cell suspensions consistently filled up the midgut in the absence of sugar, and 
seldom failed to do so even in the presence of 2 per cent glucose, again regardless 
of the method of feeding. Except for the presence or absence of sugar, usually 
no significant differences depending upon the nature of the suspending media 
appeared. It is true that the tendency of crop-filling was increased by the presence 


of glucose; nevertheless, the degree of this increase was insignificantly small in 


the case of the cell suspensions. For instance, only 7 out of the 469 satiated on 
sweetened blood cells exhibited fully distended crops accompanied by almost 
empty midguts. All of the 98 animals satiated on glucose-free cells had fully 
distended midguts. Conversely, in all of the 53 animals satiated on sweetened 
plasma or serum, the largest proportion of the liquid entered the crop. 

It is manifest, therefore, that the stimulatory effect characteristic of blood is 
mainly dependent upon the properties of the cells and least upon plasma. In 
this respect, mosquitoes are evidently dissimilar to the previously mentioned 
haematophagous flies. On the other hand, a number of discordant results have 
been reported on the destination of blood in mosquitoes, especially when the 
blood is mixed with honey or sugars. Besides the differences in inclination of 
divergent species of insects, as particularly studied by Roy and Guosn (1940) 
and ‘TREMBLEY (1952), discrepancies would depend as much on the relative 
intensities of various stimuli as on the way the mosquitoes are fed. The problem 
will be considered again later (Sections B, 2 and 4). 


3. Fractions of erythrocytes 

Haeme and oxygen-carrying capacity of erythrocytes. Several lots of mosquitoes 
were subjected to mixtures of either intact or laked ox erythrocytes and plasma 
or Ringer in all the possible combinations, with haemoglobin converted to either 
carboxy- or met-haemoglobin in each aliquot. The results of feeding with these 
materials showed no divergence from the usual consequence of blood feeding, 
except that with carboxyhaemoglobin digestion of the blood was arrested until 
this became freed of carbon monoxide. Free haemin also exhibited no sign of 
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particular stimulation when it was presented to the animals in a (1 per cent 
solution in ox blood plasma. 

Effect of haemolysis. Tests on haemolysed ox erythrocytes were performed 
simultaneously with those on the intact cells described previously (Section A, 2). 
Haemolysis was accomplished in three ways: (1) addition and subsequent 
removal of ether, (2) mixing the cells with distilled water fo'lowed by addition 
of NaCl or other suitable salts to adjust the osmotic pressure to a normal level, 
and (3) rapid freezing and thawing. Some 500 females were fed on mixtures of 
such laked cells and various media, mostly by the voluntary technique and in 
the presence of 2 per cent glucose. 

The greater part of the results is summarized in Fig. 1(b). Altogether 
out of the 372 exposed mosquitoes were satiated, most of them having a full 


233 
midgut and none a distended crop only. In a word, the stimulative power of 
erythrocytes was on the average not affected significantly by haemolysis. How- 
ever, discordant results were not infrequently encountered, and the percentage 
satiated sometimes fell remarkably. In some instances the reduction was probably 
derived from unsuitable preparation of the test liquids, say, contamination by 
a trace of ether or inadequate adjustment of osmotic pressure, and in the others 
from the physiological condition of the mosquitoes. All of these being eliminated, 
there still occurred certain degrees of fluctuation in the percentage. Since the 
laked blood showed a tendency to reduce its stimulative power during a period 
of prolonged standing, one cause of the instability might have been concerned 
with a kind of ageing phenomenon. Under what conditions this was likely to 
appear remained obscure. 

Stroma, endosoma, haemoglobin, and globin. Bisnor and Gitcurist (1946) 
have fed Aedes aegypti on ‘haemolysed blood’ or ‘haemoglobin’ of chick. 
Judging from their descriptions, these words imply one and the same thing, 1.e. 
the stroma-free content of the erythrocytes, which the present writer will call 
‘endosoma’. According to the above authors, ‘haemoglobin’ is ingested to a 
lesser degree than the intact erythrocytes when fed through membranes, but 
definitely passes to the midgut; it is very rarely ingested from open drops, but 
passes mainly to the midgut. It therefore seems that the endosoma retains a 
considerable degree of the stimulus afforded by intact erythrocytes; consequently 
the stimulus must be more chemical than mechanical. An alternative, proposed 
by Day (1954), is that the particulate nature of the blood cells is more important 
than the chemical one; in fact, in Day's experiments haemoglobin was dis- 
patched to the crop. 

During the study on egg production of the mosquito, the writer had oppor- 
tunities of feeding the insect on components of ox erythrocytes such as their 
ghosts or stroma, endosoma, haemoglobin, and globin. Some of the engorged 
animals were dissected immediately after the meal to determine the distribution 
of ingested food. The ox stroma was prepared by the method of Letscue (1924) 
and served in a mixture with an equal part of plasma or 0-15 M NaCl. The ox 


haemoglobin was obtained in the form of crystalline oxyhaemoglobin by the 
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method of Kikucui (1953). The procedure also permitted one to provide a 
stroma-free solution of erythrocyte endosoma, which was subsequently dried 
under a reduced pressure. ‘The ox globin was prepared first by the method of 
Anson and Mirsky (1930) and later according to KisTLer et a/. (1953). Both the 
haemoglobin and globin were found in part denatured. All the latter three compo- 
nents were made up to 5-20 per cent solutions in plasma or distilled water. An 
equal part of a stroma suspension was also mixed with an aliquot of each solution 
thus obtained. At all times the test liquids contained 2 per cent glucose to allow 
for voluntary feeding of the mosquito. It was impossible to ensure that the 
liquids were osmotically isotonic with normal ox blood, although the desirability 
of this was realized. 

Altogether 1382 mosquitoes were exposed to the liquids, yielding 917 cases 
of satiation, out of which 389 were dissected to demonstrate 99 fully distended 
midguts. As would naturally ensue from the feeding technique, any test caused 
a fairly high percentage satiation (Fig. 2(a) ). Inconsistencies appeared among the 
ratios of midgut filling not only for different components of erythrocytes but also 
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(a) Satiation (b) Midgut-filling 


Relative effects of erythrocyte components measured by the ratios of the satiate 
nosquitoes (a), and by those of the midgut-filled satiate mosquitoes dissected (b). 

onfidence limits of the percentages taken at a 0-05 2 level of significance are illus- 


1 voluntarily on the designated components mixed with the 
(2 


The animals are 
dia containing 2 per cent glucose as well: (1) plasma, ) distilled water, (3) 
troma, (4) distilled water plus stroma, and (5) 0-15 M NaCl. 
for different preparations of the same component (Fig. 2(b) ). On the whole, the 
ratios are greatest for endosoma and apparently least for globin. In some instances 
the endosoma is comparable in effect with haemolysed erythrocytes (Fig. 1(b) ), 
and also with the ‘haemoglobin’ of BisHop and GiLcurist (1946), but less with 
the ‘haemoglobin’ of Day (1954). Conversely, the effect of the writer’s haemo- 
globin or globin approaches that of Day’s ‘haemoglobin’. Presumably the 
writer's stroma, which is no more effective than the genuine haemoglobin, may 
be also comparable with Day’s ‘stroma’. Unfortunately the full data are not 
available from Day’s report, and Bishop and Gitcurist (1946) have not examined 
stroma. Throughout the comparison, there are extensive fluctuations prevailing 
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in the ratios of midguts filled. It follows that discordance about the stimulative 
power of the erythrocyte components might exist, not in the experimental results 
themselves, but in their interpretation by the different authors. All the facts 
mentioned above, however, would be reconciled if the stimulus afforded by 
erythrocytes is essentially chemical and that it passes out gradually into the 


solvents with which the cell components thus far tested are prepared. 


4. Particulate substances 

Solid particles. Recent authors are in agreement in recognizing that suspen- 
sions of particles more rigid than living cells, e.g. starch granules, are scarcely 
ingested by Aedes aegypti (BisHor and Gitcurist, 1946; Fisk, 1950; Day, 1954). 
According to Hosor (1954a), such mixtures can be imbibed on occasions when 
they contain sugar as well, but the suspended particles are mostly disposed of 
and seldom enter the digestive organs. Further evidence is obtained with the 
following material: (1) starch granules of 10-40 yu in diameter, (2) washed com- 
mercial dried brewer's yeast (Ebios) of 3-6 y in diameter, (3) denatured casein 
or coagulated haemoglobin, and (4) adsorbent charcoal. 

‘These particles were suspended in Ringer or egg-emulsion containing 5 per 
cent glucose and offered by the voluntary technique. Altogether 354 females 
were exposed, out of which 219 fed nearly to repletion. It was exclusively the 
crop that was fully distended, in which, nevertheless, none or only traces of the 
particles could be detected. ‘The midgut was always poorly loaded and also had 
clear fluid. 

Living cells other than erythrocytes. Compared with solid particles, living cells 
are more readily ingested and drawn into the midgut, as noted by Hosor (1954a) 
with a flagellate, and by Day (1954) with sarcosomes of the blowfly. For this 
reason besides others, the latter author was led to the particle theory of blood 
stimulation. Since the above results were not satisfactory enough to become 
unequivocal, further experiments were performed with other materials, 1.e. 
Euglena and the ascites tumour cells. 

A strain of Euglena sp. was supplied from the Botanical Institute of Tokyo 
University and cultured in Hunter’s medium.* After centrifuging off the medium, 
the organisms were suspended in ox plasma, 0-15 M NaCl, or again in a small 
amount of the culture medium to be fed forcibly to the mosquito without surplus 
sugar. In the culture medium the cells took an elongated form about 50-60 yu 
long and 10 ,« wide; when sustaining themselves in saline or plasma, they took 
a cystoid form of about 15, in diameter. As shown in Table 1, the cell suspen- 
sions in plasma or saline were frequently gorged and sometimes filled the midgut. 
A comparatively smaller number of the cells, however, was detected in the content 
of the midgut than in the liquid offered; whereas the concentration of the cells 
was lowest in the crop, even when this organ was fully distended. In a word, 


* The strain of Euglena was supplied through the courtesy of Dr. Hirosni Fuyisuice of Tokyo 
University. 
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TABLE 1—RESULTS OF FORCIBLE FEEDING ON SUSPENSIONS OF Euglena AND EHRLICH ASCITES 
TUMOUR CELLS 


Liquids offered Numbers of mosquitoes 


| Ratios Glucose Midgut- 
| of cells content | Exposed | Satiate filled 
| 
| 


Experiments 


Euglena in ox 1/10 
plasma 
Al | Ox plasma 
| Ox erythrocytes in 
plasma 


| 
| 


Euglena in ox 
plasma 
Euglena in 0-15 M 
NaCl 
Euglena in culture 
medium 
Ox plasma 
| Ox erythrocytes in 
plasma 


Tumour cells in 
ascites 

Tumour cells in 
ascites 

Ascitic fluid 

Ox whole blood 


Tumour cells in 
ascites 

Ascitic fluid 

Ox whole blood 


Euglena cells exerted a certain degree of the blood-like stimulation. It will be 
considered later why their suspension in the culture medium failed to cause 
satiation (Section B, 3). 

Similar examinations were made of Ehrlich ascites tumour cells.* Mouse 
ascites containing } the volume of the tumour cells (about 20 « in diameter) were 
offered to the mosquito, either immediately or after being doubled in cell concen- 
tration by centrifuging, and also either with or without addition of 2 per cent 
glucose. The results were remarkable (Table 1). The tumour cells suspended 
in the ascites proved as effective as ox whole blood in filling the midgut even in 
the presence of glucose. In contrast, the ascitic fluid alone was no more stimulating 
than ox blood plasma. Since the ascites contained no appreciable amount of 
haemoglobin, the results would bear out the view that the stimulative power of 


* They were kindly supplied for use by Dr. Tapasu1 YAMAMoro of the Institute for Infectious 
Diseases, Tokyo University 


o | 9 | 0 
0 12 6 6 ie 
5 | 
| 1/2 0 5 3 2 sa 
| 
1/2 0 5 | 1 
| 
ay 
A2 45 0 5 0 0 
0 0 5 0 0 : 
1/2 0 5 5 5 
1/4 0 6 5 5 
Bl 1/2 0 11 9 
0 0 17 2 0 : 
11/20 0 17 10 10 | 
— 
1/2 2 11 7 7 _ 
| 
| x 
B2 0 2 11 6 0 ee 
11/20 2 11 8 8 a 
ie 


IDENTIFICATION OF BLOOD COMPONENTS INDUCING GORGING OF MOSQUITO 201 


erythrocytes is by no means concerned with their large content of haemoglobin. 
This conclusion, however, does not necessarily favour the particle theory; it 
favours rather the prediction that a certain substance other than haemoglobin 
stimulates the mosquito (Section A, 3). The only modification requisite to the 
latter opinion is that the substance need not be solely contained in erythrocytes, 
but it may be widely distributed over various kinds of living cells. 


5. Negative results with miscellaneous substances 


Several feeding tests were carried out at times with substances which were 
suspected of having a blood-like stimulus. All the following liquids failed to 
sate the mosquito, whereas addition of glucose invariably rendered them accept- 
able to the insect, with the consequent distension of the crop: (1) an emulsion 
of hen’s egg slightly diluted with Ringer or distilled water; (2) 1-5 per cent solu- 
tions of casein in 0-1 M NaHCO,; (3) a 2 per cent solution of histidine in ox 
blood plasma; (4) 1-2 per cent solutions of sodium glutamate in 0-15 M NaCl; 
and (5) 0-15 M NaCl containing 10-*-10~-* mg/ml of adrenalin, acetylcholine, or 
histamine. Similar negative results are also recorded by Fisk (1950) on peptone 


and amino acids. 


B. Factors Regulating the Action of Sugar and Blood 


1. Concentration 

Thresholds of gorging for sugars. So far as mosquitoes are concerned, very few 
records have appeared of thresholds of any kind for contact chemoreception. 
Since it was frequently required to set up a standard for sugar acceptance of the 


test animals, an attempt was made to determine concentrations of glucose, sucrose, 
and maltose just sufficient to induce gorging of Culex pipiens var. pallens females. 
These critical concentrations, therefore, should be naturally higher than those 


for mere acceptance or detection of the sugars. ‘The test compounds were dis- 


solved in distilled water so as to provide a series of doubling concentrations and 


offered to 2~3-day-old mosquitoes not fed previously on any sugar, though not 


necessarily water-sated. As shown in Table 2, glucose brings about engorgement 


of some individuals at } M; whereas the critical concentrations for both sucrose 


and maltose are roughly ; to 345 M. The values for these two sugars are not 
significantly different. Hence the order of acceptance for the three sugars is 
sucrose = maltose > glucose, thus following a trend similar to those confirmed 
with other insects (MINNICH, 1929, 1931; von Friscu, 1934; HasLincer, 1935; 
ScuMiptT, 1938; Hassett, Dernier, and Gans, 1950). 

Thresholds of gorging for erythrocytes and their components. ‘The concentrations 


of ox erythrocytes and their components effectively inducing satiation were deter- 


mined with their serially diluted suspensions or solutions. In the case of intact 
erythrocytes the diluent was either plasma or 0-15 M NaCl; in other cases only 
the saline was utilized. Haemolysis was accomplished by addition of a minimum 


amount of water to washed erythrocytes, with subsequent addition of a requisite 
amount of NaCl to yield 0-15 M solution with respect to the salt. For separating 
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stroma and endosoma, erythrocytes were laked in 7 times the volume of 0-01 N 
HCl, and the resulting mixture was centrifuged. The supernatant was regarded 


‘TABLE 2—THRESHOLDS OF GORGING FOR GLUCOSE, SUCROSE AND 


MALTOSE DETERMINED BY THE FORCIBLI TECHNIQUE OF FEEDING 


Molar Numbers of mosquitoes fed* 
Experiments | concentrations 
of sugars Glucose Sucrose | Maltose 
1/2 7-0-0 7-0-0 7-0-0 
14 6-0-1 7-0-0 7-0-0 
1/8 2-4-1 7-0-0 7-0-0 
A 116 0-2-5 6-1-0 | 7-0-0 
1/32 0-1-6 1-2-4 | 6-1-0 
164 0-0-7 0-1-6 1-1-5 
1/128 0-0-7 
1/4 3-3-1 
B 18 7-0-0 
1/16 (0-2-5 6-1-0 6-1-0 
1/32 2-4-1 0-1-6 
18 5-0-0 4-()-1 
116 1-1-3 0-3-2 
132 0-2-3 0-0-5 


* Three figures joined by hyphens denote from the left to the right, respectively, the numbers 


ite, partially fed, and fed slightly or refused. In A, the animal sources are different for dis- 


as an 8-fold dilute solution of endosoma, of which the NaC] content was again 
adjusted. The sediments, after being washed twice with 0-15 M NaCl, were 


TABLE 3—THRESHOLDS OF GORGING FOR OX ERYTHROCYTES AND THEIR COM- 
PONENTS DETERMINED BY THE FORCIBLE TECHNIQUE OF FEEDING ON THE SUGAR-FREI 
SUSPENSIONS 


Numbers of mosquitoes fed* 


Volume 
ratios of Intact Intact Laked Stroma Endo- Stroma and 
cells or cells in cells in cells in in soma In endosoma 
components | plasma saline saline saline saline in saline 
1/2 1-7-2 
1/4 9-2-1 7-1-0 11-0-4 1-3-6 
1/8 6-2-4 6-0-2 13-0-2 3-4-3 4-5-1 
116 1-4-7 4-4-0) 9-3-3 1-5-4 5-2-3 2-3-0) 
1/32 2-3-7 3-4-] 10-1-4 0-2-8 0-4-6 2-2-1 
1 64 1-4-7 2-2-4 2-4-9 1-3-1 
1128 0-2-10 0-2-6 0-4-1] 


* Three figures joined by hyphens denote from the left to the right, respectively, the numbers 
satiate, partially fed, and fed slightly or refused. 
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suspended in an equal part of the saline, thus ensuring a 2-fold dilution of stroma. 


In case this was likely to precipitate, a small amount of NaOH was added to 
restore neutrality. ‘The results are summarized in Table 3. On the whole, the 


erythrocytes, either intact or laked, proved effective down to concentrations of 


sis to gy in terms of the cell volume. The efficiency of the combined stroma and 


endosoma seemed more than a mere sum of the action of the two components. 


2. Chemical influences 


Experiment 1. Among the several experiments purposed for outlining the influences of 
various compounds upon sugar or blood feeding, a preliminary comparison was made of 
the following solutions: (a) NaCl, NH,Cl, CaCl,, KCl, KNO,, K,SO,, MgSO,, H¢ 
NaOH, urea, ethanol, glycerol, and glucose, all in aqueous solutions isotonic with 0-15 M 
NaCl; and (b) 0-005 M quinine hydrochloride in 0-15 M NaCl. Asa base, 0-5 M glucose and 
an 8-fold dilute aqueous suspension of haemolysed erythrocytes were utilized. As shown 


4, solutions of certain inorganic chlorides (here NaCl and CaCl,) were preferred 


TABLE 4—ACCEPTANCE AND REJECTION VARIOUS COMPOUNDS EXAMINED BY 
THE FORCIBLE FEEDING ON THE LIQUIDS CONTAINING EITHER GLUCOSE OR 
HAEMOLYSED ERYTHROCYTES OR NOT CONTAINING THESE 


Numbers of mosquitoes exposed (E), 
satiate (S), and midgut-filled (M 


Test liquids Test liquids Test liquids Test hi 


alone + glucose* +erythro 


M 


Distilled water 0 


aww 


VI K,SO, 
M Meso, 
MI HCI 
\I NaOH 


4 


0-005 NI quinine 
Ox plasma 
(hx ervthrocvtes 
th respect to glucose. 
ked erythrocytes 
MI NaCl. 
aked ervthroc 
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4 0 or) 
0-15 M NH,CI | 0 3 
M CaCl l 0 3 3 
0-15 M KCl 5 0 3 4 
0-15 M KNO 5 3 @ 4 
ae Das 1 5 0 0 3 3 0 3 
5 0 0 0 0 
0-15 5 0 1 0 
4 
urea 5 0 0 3 3 0 4 4 
0-3 M ethanol 5 0 O 3 J 
eG 0-3 M glycerol 5 0 0 3 3 0 Uv v 4 
0-3 M glucos 5 4 6 > 4 
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slightly to distilled water. This result is in conformity with the previous result (Section A, 
1). Generally speaking, however, the insect was rather indifferent to all the seven inorganic 
salts inclusive of MgSQ,, at least in such concentrations, and so it was to urea. Quinine 
was evidently rejected; HCl and NaOH also rendered the blood unacceptable. Apparently 
ethanol and glycerol in the given concentrations did not affect sugar feeding, though they 
definitely hindered blood feeding. Probably the difference was derived from the greater 
acceptability of 0-5 M glucose as compared with the diluted erythrocytes. It was impossible, 
however, to account by analogy for the unambiguous deterioration which occurred in the 
base blood containing no additional compound except water. This paradoxical phenomenon 
will be considered later (Section B, 3). Another problem of dispute concerned the destina- 
tion of blood. The marked rises in the proportion of crop-filling with the present blood- 
sugar mixtures as compared with the previous result (Section A, 2) could be explained 
by the differences in the relative concentrations of erythrocytes and glucose. This also 
necessitated a more comprehensive experiment (Section B, 4). 


Experiment 2. To supplement experiment 1, the rejection thresholds of gorging for 


HCl, NaOH, and quinine hydrochloride were roughly estimated employing 0-5 M glucose 
as the base. ‘The sugar meal was definitely refused in the presence of 0-1 M HCl or NaOH, 
but was accepted without much hindrance when containing these at 0-01 M. In contrast, 
rejection of quinine was consistent at 0-001 M and still perceptible at 0-0001 M. 


Experiment 3. In a similar experiment, but utilizing 0-25 M sucrose as the base instead 
of 0-5 M glucose, the rejection thresholds of gorging for ZnCl,, FeCl,, FeS¢ ),, and CuCl, 
were found to be between 0-1—0-01 M, 0-075-0-0075 M, 0-15-0-015 M, and 0-001-0-0001 M, 
respectively, thus demonstrating the exceeding sensitivity of the mosquito to Cu** ions. 
The outstanding effect of Cu** agrees with the prediction by Frincs (1946). 


Experiment 4. Sugar feeding thus far examined seems apparently uninfluenced by the 
presence of 0:15 M NaCl. It was confirmed, however, that higher concentrations of the 
salt definitely reduced the percentage acceptance of sugar solutions. Occasionally such an 
effect of NaCl was observed even at a concentration of 0-15 M. As shown in Table 5, 


5—INFLUENCE OF NaCl AND UREA UPON THE FORCIBLE 
FEEDING ON GLUCOSE SOLUTIONS 


TABLE 


Numbers of mosquitoes fed* 


Molar 

concen- Glucose in Glucose in | Glucose in 

trations distilled water 0-15 M NaCl | 0-3 M urea 
of 

glucose Warm Cold Warm Cold Warm 


1 4-1-0 4-1-0 1-2-2 2-: 5 

1/2 4-0-1 3-1-1 1-3-1 1-4-0 3-1-1 
14 1-3-1 1-3-1 1-2-2 2-1-2 1-2-2 
18 1-1-3 0-2-3 0-1-4 0-2-3 0-0-5 
1/16 2-2-1 0-1-4 1-4-0 1-1-3 1-0-4 
1/32 0-3-2 0-0-5 0-4-1 Zadok 0-0-5 
0 0-3-2 0-1-4 6.2.3 1-4-0 0-1-4 


* Three figures joined by hyphens denote from the left to the right, respectively, the numbers 


satiate, partially fed, and fed slightly or refused 


deterioration of the serially diluted glucose solutions by NaC] is manifest for higher concen- 
trations of the sugar, making a contrast to the influence of urea. With respect to lower 


; 
a 
a4 . 
be 


IDENTIFICATION OF BLOOD COMPONENTS INDUCING GORGING OF MOSQUITO 205 


concentrations of the sugar, the presence of 0-15 M NaCl becomes again favourable to 
feeding as observed previously. The nature of this dual influence of NaC! is obscure at 
present; but the phenomenon may tentatively be ascribed to the double modality of this 
kind of salt (DeTHter and Cuapwick, 1948). 


Experiment 5. The effect of hydrogen-ion concentration on blood feeding was examined 
by feeding the mosquito forcibly on sugarless suspensions of ox erythrocytes, stroma. 
and endosoma, all in 8-fold dilution in 0-15 M NaCl except stroma, which was diluted to 
4-fold as well as 8-fold. The pHs were adjusted with HCl and NaOH to several values 
between 3-5 and 10-5 as determined with the aid of a glass electrode pH-meter. Both 
haemolysed erythrocytes and endosoma proved effective over the entire range of the above 
pH, though their efficiency was reduced more or less extensively on the alkaline side. 
The stroma sedimented at a lower pH rendered the suspension quite unac« eptable. 


3. Temperature, viscosity, and osmotic pressure 


Temperature. According to BisHop and Gitcureist (1946), blood feeding of 
Aedes aegypti is promoted by a heat gradient, though there is also an optimum 
temperature for that activity. The writer frequently found that even under forced 
conditions Culex pipiens var. pallens could hardly gorge on shed blood when its 
temperature fell below 15°C or so. It is reported, however, that neither tarsal 
stimulation of the butterfly (Wets, 1930) nor sugar feeding of honeybees (VON 
FriscH, 1934) is seriously influenced by temperatures over a wide range. This 
seems also to hold true in sugar feeding of the mosquito. In an experiment des- 
cribed previously (Section B, 2, experiment 4; Table 5), some series of the test 
solutions were warmed to initial temperatures of 45-50°C, whereas the others 
were applied at 10-13°C. Although the actual difference in the feeding tempera- 
tures could not be so extensive as it appeared to be, no evidence was obtained 
to contradict the above proposition. 

Influence of viscosity and osmotic pressure on sugar feeding. Previous authors 
are in accord in recognizing that the stimulative power of various compounds in 
contact chemoreception of insects, either in acceptance or rejection, is not 
dependent upon viscosity or upon osmotic pressure (MINNICH, 1921, 1929; 
Wels, 1930; von Friscu, 1934; Dernier and Cuapwick, 1947). It was reported 
also that concentrated solutions of glucose in Ringer were gorged by the mosquito 
with consistent filling of the crop regardless of the viscosity (Hoso1, 1954a). In 
this instance the most viscid solution, of which the relative viscosity measured 
12-5, was 4-6 M, or an 83 per cent solution with respect to glucose. The sole 
change occurring in feeding on this solution was protraction of the aspiration 
period from a usual duration of about 1 min to more than two. Therefore, both 
viscosity and osmotic pressure of sugar solutions had no fundamental influence 
upon the sequence of feeding. 

Influence of osmotic pressure on blood feeding. \n spite of the above fact there 
are also reasons to suppose that osmotic pressure probably affects the feeding 
response of the mosquito at least on sugarless liquids which are destined to pass 
primarily to the midgut; i.e. (1) salines isotonic with blood are preferred to distilled 
water (Sections A, 1; B, 2); (2) a suspension of Euglena in ox blood plasma or in 
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0-15 M NaCl is gorged, whereas that in the culture medium is rejected (Section 
\. 4): and (3) ox erythrocytes laked in excess distilled water are rejected unless 


the osmotic pressure is adjusted (Section B, 2). After all, osmotic pressure might 


influence the mosquito in such a way as to impede its normal act of blood ingestion, 


and not in a way to simulate the action of blood, as Fisk (1950) failed to note. 


It seems likely that some of the failures of, or difficulties found in, feeding mosqui- 


toes on blood components by previous workers (BisHop and Gitcurist, 1946; 


Day, 1954; Hosoi, 1954a) are also caused by this overlooked effect of osmotic 


pressure on blood ingestion. An experiment was undertaken to test the 


above prediction. 


‘Test animals were fed forcibly and exclusively on laked ox erythrocytes in 


8-fold dilute solutions, of which the osmotic pressure had been adjusted by 


adding one of the following compounds: glucose, sucrose, urea, NaCl, and a 


combination of NaCl, KCl, and CaCl, in proportions as in Ringer. By 


iting, 


and midgqut-f 


Fic 3. Effects of osmotic pre ssure upon gorging of the mosquitoes forcibly fed on 
I gorging i 


lrends of percentages satiate exposed and those midgut-filled exposed are drawn, res- 
pectively, by broken and 1 line Each liquid contains }| the total volume of laked 
ervthrocvt nd its osmotic pressure is adjusted bv the con pound designated in the figure 
otic pre ures are represented in tern f multiples of the pressure equivalent 


mixing a solution with another which contained the same kind of the solute at 


a ditferent concentration, five series of erythrocyte solutions were obtained, all 


the solutions being identical with respect to the concentration of blood, but 


each differing from the others either concerning the osmotic pressure or the 
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kind of the solute whereby the pressure was maintained. To each solution 10-12 
mosquitoes were subjected. In estimating the feeding activity, the numbers of 
fully engorged mosquitoes were weighted at 1 and those of the partially filled at 
0-5. The values were summed for each solution and represented as percentages. 
Similar calculations were also made of the numbers of full midguts. The results 
are illustrated in Fig. 3, in which all the values for solutions isotonic with 0-15 M 
NaCl, and so also isotonic with blood of terrestrial vertebrates, are plotted on the 
ordinates denoted 1. 

Evidently solutions of erythrocytes in salines reduce their effectiveness con- 
cerning both gorging and midgut filling when the osmotic pressure is extensively 
diverted from the normal blood value. A similar trend is perceptible with solu- 
tions in which urea maintains the pressure instead of inorganic salts, although 
the urea solution seems most effective at a slightly hypertonic region. In contrast, 
feeding activity on the sweetened erythrocyte solutions rises with the increasing 
content of the sugars until it attains the maximum height for 0-6 M glucose or 
sucrose, i.e. double the osmotic pressure of normal blood; thereafter the activity 
is maintained nearly constant. In this instance an important point is that midgut- 
filling does not follow this trend. It takes place only and slightly in the solution 
containing 0-3 M glucose, but not in 0-3 M sucrose which is to taste sweeter than 
glucose (Section B, 1). Under these circumstances the effect of blood is un- 
doubtedly masked by that of the sugars. 

Regarding the influence of the test compounds in higher concentrations, 
whether promotive or inhibitory to blood feeding, it is not necessary to resort to 
the action of osmotic pressure. However, the consistent reduction of the effective- 
ness towards the hypotonic side in all kinds of solutions can hardly be explained 
otherwise than by postulating that inadequate osmotic pressure impedes the 
feeding response in some way. 


4. Competitive action of sugar and blood 


It seems likely that discordant results obtained by earlier workers (MACGREGOR 
and Ler, 1929; MacGrecor, 1931; Roy and Guosn, 1940; BisHop and GILCHRIST, 
1946; TremBiey, 1952) on the distribution of blood-honey or blood-sugar 
mixtures in the digestive organs of mosquitoes are in part derived from the differ- 
ence in concentrations of the two components in the mixtures used. Day (1954) 
fed Aedes aegypti on mixtures of blood and sugars in various proportions, pointing 
out that the relative concentration of the components of a mixture determines 
its destination. The presence of a similar fact in Culex pipiens var. pallens has 
already been suggested (Section B, 2, experiment 1). An improved experiment 
was set up in which the mosquito was fed forcibly on mixtures of haemolysed ox 
erythrocytes and sucrose. 

The mixtures were made isotonic with normal blood or with 0-15 M NaCl, 


and were made in four series which contained erythrocytes in }, 4, yy, and 45 


proportions to the total volume. The above mixtures could be arranged again in 


four series with respect to the concentrations of sucrose which were 0-15 M, 


3 
Phi 

2 
a 
4 

4 3 

; 

ol 
ing 

‘ 


208 TERUHIKO Hosor 


0-075 M, 0-038 M, and 0-019 M, respectively. Thus the arrangement was to 
provide 16 solutions, of which 10 could actually be examined under an identical 


condition. Since the amounts of the sugar fell short of maintaining the desired 


osmotic pressure, the shortages were covered by addition of NaCl. 


Five mosquitoes were subjected to each solution, and the amount of the 


liquid ingested by each animal as well as that found in the crop and midgut was 


grouped according to conveniently set-up grades. These grades had been 
evaluated by actually weighing similarly fed individuals with the aid of a torsion 


balance, so that weighting the number of the animals or organ belonging to each 


grade at the corresponding factor and summing up the products for each solution 
gave approximately a relative value for the total quantity of the liquid taken up 
by a lot or found in either the crop and midgut. Fig. 4 represents the results. 


5 ZO 


\/8 1/16 1/32 


Volume ratio of erythrocytes 


Fic. 4. Changes in the proportion of midgut-filling depending upon relative concentra- 


tions of sucrose and haemolysed erythrocytes in isotonic solutions. 


Each circle accompanied by a pair of figures represents the result of forcible feeding of 


5 mosquitoes on a single solution, where the number satiated is shown on the left and that 


of the midgut-filled on the right. A sum proportion of the midgut contents is represented by 


a solid area in the circle and that of the crop contents by a shaded one, the combined areas 
providing a measure of acceptance. 


All 50 mosquitoes except two gorged fully or fed nearly to repletion. For any 
given concentration of erythrocytes, both the number of full midguts and the 


total amount of the food loading of the midgut increased with the decreasing 


content of sucrose. For a given concentration of sucrose, the above number and 


amount increased with the increasing content of erythrocytes, attaining a maximum 


for an 8-fold dilution of the cells. On the whole, the effect of erythrocytes became 


hardly discernible at 32-fold dilution and that of sucrose hardly discernible at 


the concentration of 0-019 M. These critical concentrations approximate those 
confirmed previously with separate solutions of sugar and the blood (Section B, 
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1). There was no sign that the efficiency of feeding was reduced on account of 
the co-existence of blood and sugar in the food liquid. 

On the other hand, examination of the food distribution with respect to each 
individual disclosed the fact that in few mosquitoes was the imbibed 
blood-sugar mixture shared equally between the crop and midgut. Out of 48 
engorged, 17 exhibited fully distended midguts; among these, 12 showed no more 
than a trace of the mixture in the crop. Conversely, 29 out of the above 48 had 


fully distended crops; among these, 14 showed no more than a trace of food in 
the midgut. In all, only two showed the crop and midgut equally distended. 
The result would suggest that a fairly slight difference in the stimulative power 
of sugar and blood is appreciated by the mosquito and the insect tends to dis- 
regard the minor stimulus. In other words, central selection would probably 


operate in this circumstance. 


C. Identification of the Blood Stimulant 


Routine method of tests. Assuming that the stimulating principle of blood cells is a 
substance (Section A, 3 and 4), then it may be extractable from the cells by the use of 
some suitable solvents. Extraction was certainly realized at one time or another with 
dilute ethanol; nevertheless, success could by no means be consistently obtained in later 
experiments. By far the greatest hindrance encountered during the earlier efforts was the 
misleading negative results probably due to inadequate preparation of the test liquids. 
There were many chances of introducing or accumulating repugnant compounds in the 
extract, and the proper adjustment of osmotic pressure was not accomplished with certainty. 
Since no means could be devised to deal safely with such hazards, the following method 
was conveniently adopted in routine tests. 

Original samples of the extracts were mixed with 0-15 M NaCl in series of 5-fold dilute 
concentrations, and each of the resulting solutions were fed forcibly to 5—7 females without 
addition of sugar. Occurrence of rapid gorging with consequent filling of the midgut was 
considered to be a positive response. A solution was regarded as effective when it produced 
two or more positive responses. The effectiveness of an extract was judged both by the 
number of the positive responses and by the order of the effective dilution. 


Extraction of the acceptable substance. Citrated ox blood furnished the material 
almost exclusively. After a large number of trials, the following procedure was 
established as the most reliable, if not the most efficient, way of obtaining con- 
sistent results: 

The blood was centrifuged to remove plasma, and the sedimented cells were 
washed once with 0-15 M NaCl. Two parts of the cells were poured into a mix- 
ture of 1 : 6:1 parts respectively of water, ethanol, and ether. After standing, 
the mixture was filtered, and the clear filtrate was combined with first cold and 
then hot water washings of the residue mostly consisting of coagulated haemo- 
globin, which was finally discarded. Condensation of the solution followed by 
evaporation at 60°C under a reduced pressure yielded a small amount of an 
ochre coloured residue which was partially soluble in distilled water. This residue, 
when emulsified in the original volume of water, proved slightly less effective than 
intact erythrocytes; nevertheless, its activity per unit dry weight was estimated 
as being several times as high as that of erythrocytes. It withstood at least a 
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few hours’ boiling in neutral water and several months’ desiccation with CaCl,. 
It was confirmed that similar substances were also extractable from the liver, 
kidney, ovary, spleen, and brain of the rabbit but not from ox blood plasma. 

The dried extract of ox blood cells was then mixed with a small amount of 
distilled water and dialysed against distilled water which was usually boiling. 
Although a larger proportion of the activity remained persistently with undialy- 
sable substances, these were not treated further on account of the difficulty of 
separating the components. Notwithstanding the inevitable loss which ensued 
from the treatment, there was a marked rise in the activity of the dialysate per 
unit dry weight. Since the effective substance proved insoluble in fat solvents 
but readily soluble in water, it was impossible by the use of such solvents to 
remove excess inorganic salts and a certain yellowish pigment also contained in 
the dialysate. The effective substance could be adsorbed on charcoal in a slightly 
acidic cold aqueous solution and subsequently released into a hot solution of 


dilute ammonia which was easily removable afterwards. It was also soluble in 
slightly acidic 95 per cent ethanol, from which it precipitated when the solvent 
was neutralized. Finally, the use of ion-exchange resin, e.g. sorption on Amberlite 
IRA-410 (OH-form) and subsequent elution with 0-01 N HCl, provided more 
satisfactory means of desalting and depigmentation. On the other hand, sorption 
on a strongly acidic cation exchanger brought about deterioration of the effective 


substance. 

Paper chromatographic separation of the extract. ‘The extract obtained through 
the above procedure still contained an appreciable amount of yellowish pigment 
as well as many amino acids. A unidimensional paper chromatogram of the 
extract developed by the ascending method demonstrated that, when water- 
saturated n-butanol containing acetic acid was used as the solvent, the R, value 
of the effective substance should lie between 0-1 and 0-3, and that the spot over- 
lapped on some of the spots of amino acids such as glutamic, aspartic, cystine, 
histidine, arginine, lysine, and ornithine. The effective substance remained on 
the base line when the development was performed with water-saturated n-butanol 
containing ammonia. At any rate, paper chromatographic separation of the 
extract was not very successful owing to the severe restriction in the use of suit- 
able solvents, which were required to be least repugnant to the mosquito because 
contamination of them in the test liquids invalidated the feeding experiments. 

Separation by ion-exchange chromatography. All the facts thus far known 
about the nature of the effective substance indicate that it belongs to an ampholite 
of a relatively small molecular size. Since amino acids are unlikely to stimulate 
the mosquito in such a characteristic way as found in blood feeding (Section A, 5), 
nucleotides come naturally to mind. Hence, an attempt was made to separate 
the components of the extract by the technique of ion-exchange chromatography 
which was designed by Conn (1950) for separation of ribonucleotides, with a 
difference that Amberlite IRA-410 (Cl-form) was tentatively utilized as the 
exchanger instead of Dowex-2-chloride. Fractions of the eluate were neutralized 
with NaOH, evaporated, re-dissolved in requisite amounts of distilled water 
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sufficient to yield 0-15 M solutions with respect to NaCl, and finally diluted with 
0-15 M NaCl to a definite volume. The results of the feeding tests are repre- 
sented in Fig. 5. Most of the positive responses appeared in fractions which 
were later found to contain adenylic acid. These fractions, however, still con- 
tained a small amount of the yellowish pigment as well as traces of amino acids 
detectable on a paper chromatogram. 


Adenylic acid and 
yellowish pigment 
in eluate 


00 000 


Om - - Or + -O--O-- 


Volume of 0-003 NHCL through column, mt 


Stort 0-003 N HCL 


Number of mosquitoes gorged 


Fic. 5. Detection of the stimulative compounds in fractions of an ox erythrocyte extract 
separated by anion-exchange chromatography. 

Exchanger: Amberlite IRA-410 (Cl-form), 100-200 mesh, 19 cm =« 0-8 cm*. Sorbed 
material: partially purified dialysate of an ox erythrocyte extract obtained from 400 ml of the 
fresh cells. Elution: with 0-003 N HCl. Test: by forcible feeding on neutralized, 4-fold 
condensed and osmotically adjusted fractions of the eluate. Numbers satiate are shown by 
solid columns and those partially fed by shaded ones. 


Identification of the stimulative compound. In order to eliminate the sources 
of above-mentioned contaminations, yeast pentose nucleic acid (Merck manu- 
facture, Na-salt) was hydrolysed by the method of Cuarcarr et al. (1950), and 
the hydrolysates were separated likewise as described above. Against expectation, 
all the fractions of the eluate were found virtually ineffective except that one or 
two sporadic cases of positive response took place. The original solution of the 
hydrolysates also proved negative. 

Finally, the effective fractions of the resin eluate referred to in Fig. 5 were 
combined together, treated with adsorbent charcoal to remove excess pigment, and 
subjected to spectroscopic examination with the aid of a Hitachi EPU-II spectro- 
photometer. At the same time another preparation treated similarly but obtained 
from a different source was examined. For both preparations the results gave 
unambiguous ultra-violet absorption spectra of adenylic acid, with maximum 
extinctions at 259 my at pH 5-4. As to the former solution the absorbence ratios 
at PH 5-4 for ANd were 0-822, 0-206, and 0-063, 
respectively; whereas in the latter these values were respectively 0 $20, 0-312, 
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and 0-232. From computation, the original dialysates of the extracts obtained 
from 1000 ml of ox erythrocytes were estimated to contain on the average 3-5 » 
10 mole of adenylic acid of which 10~ to 10-° M solutions could sufficiently 
stimulate the mosquito to cause full feeding on them. This finding was immedi- 
ately confirmed with a preparation of C.P. grade of muscle adenylic acid, which, 
being dissolved in 0-15 M NaCl, proved highly effective at a concentration of 


0-0001 MI. 


D. Comparative Studies with Nucleotides and Related Compounds 


Quality of the compounds examined. ‘The discordant results obtained with the 
extracts of ox blood cells as well as muscle adenylic acid on one hand. and with 
the hy drolysates of yeast pentose nucleic acid on the other, necessitated com- 
parisons of effectiveness among various compounds related to the nucleotide 
under conditions as equal as possible. Altogether 16 such compounds besides 
six amino acids were available for the present purposes. 


(1-3) p-ribose, adenine and adenosine: prepared at the Laboratory of Organic Chemistry, 
Tokyo Institute of Technology; highly pur 

+) Theophylline ribose-5-phosphate (7-/-D-ribofuranosyltheophylline monophos- 
phoric acid): synthesized at the above laboratory 

(5) 5’-adenylic acid (muscle adenylic or adenosine-5’-monophosphoric acid): Schwarz 
Biochemical Inc. manufacture, presented by Dr. T. Sato of the above laboratory with 


his gquarantec 


(6) 2° or 3’-adenylic acid (yeast adenylic or adenosine-2° or 3’-monophosphoric acid) 
Nutritional Biochemical Corp manufacture, of uncertificated purity 

(7) Riboflavin-5’-phosphate (the Na-salt): Light and Co. manufacture, of uncertifi- 
cated purity 

(8) 5’-guanylic acid (Na-salt of guanosine-5’-monophosphoric acid): Pabst Brewing Co. 
manufacture, of C.P. grade 

(9-11) 5’-deoxyadenylic acid (deoxyadenosine-5’-monophosphoric acid), 5’-deoxy- 
guanylic acid (NH,-salt of deoxyguanosine-5’-monophosphoric acid) and 5’-thymidylic 
acid (Ca-salt of thymine-deoxyriboside-5’-monophosphoric acid): California Foundation 
for Biochemical Research manufactures, guaranteed with data for ultraviolet extinctions 

(12) Adenosine-5’-sulphate (Ba-salt of adenosine-5’-monosulphuric acid): synthesized 
by Professor F. EGami at Nagoya University (EGamM1 and TaKaHasut, 1955) and sent by 
him 

(13) Ribose-5-phosphate (the Ba-salt): Nutritional Biochemical Corp. manufacture, 


containing ca. 5 per cent (mole) adenylic acid; after purification the contamination fell to 
1-0 per cent 
(14) 5’-inosinic acid (Ba-salt of inosine-5’-monophosphoric acid): converted from 


envlic acid by the writer and its purity proved spectrophotometrically 


| 
15) Adenosine triphosphate (Ba-salt of adenosine-5’-triphosphoric acid): Zellstoff- 


fabrik Waldhof manufacture. The original sample contained 14-3 per cent, 23-4 per cent 
and 62-2 per cent (mole) respectively of adenosine mono-, di- and tri-phosphate according 
to 10on-exchange chromatographic analysis kindly performed by Dr. Suicerosut TaGcucni 
of ‘Tokyo University. The test solutions were obtained from the eluate of the sample 
sorbed on Amberlite IRA-410 (Cl-form). The purities will be referred to late: 


(16) Adenosine diphosphate (adenosine-5’-diphosphoric acid): the least contaminated 
preparation was obtained as a by-product during the purification procedure of adenosine 
triphosphate 
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These compounds, previously converted to sodium salts when supplied in 


the form of free acids or Ba-salt, were dissolved in 0-15 M NaCl, with which 
10-fold serial dilutions were performed. The pHs were adjusted to ca. 7 with 
0-001 M NaHCO, or with 0-001 M-equivalent Serensen’s phosphate buffer 
As a control, similarly buffered 0-15 M NaCl was used. In addition to these, the 
following amino acids were also examined: glycine, glutamic acid, cysteine, 
arginine, tyrosine, and histidine. All the compounds were fed forcibly to the 
mosquito without addition of sugar, usually at the concentrations of 1 « 10-* M, 
1x10 M, and 1x 10-° M, and the condition of the animals was checked by 
similar feeding tests on 1 x 10-* M and 1 x 10-° M 5’-adenylic acid 

Relative effectiveness of the compounds. The results are shown in Tables 6 
and 7. With all the efforts to eliminate impurities of the test compounds, there 
were inevitable sources of possible contaminations which might affect the results 
more or less extensively. Apart from the fact that commercial preparations of 
nucleotides contained sometimes considerable amounts of adenylic acid possibly 
of the 5’-phosphate, adenosine di- and tri-phosphates, unlike the other compounds 
tested, had been suspected of rapid decomposition under the conditions of 


Taste 6—A SUMMARY OF THE FPORCIBLE FEEDING OF THE MOSQUITOES ON SERIALLY 
SUGARLESS SOLUTIONS OF 5°-ADENYLIC AcID IN 0-15 M NaCl (pH ca. 7) 


Numbers of mosquitoes 


Molar Fed 
concentrations | Exposed 
Satiate Partially fed 


the feeding test. This, however, was not the fact. lon-exchange chromatographic 
separation of the test liquids followed by spectrophotometric measurements of 
the components demonstrated that adenosine triphosphate endured 2 hr warming 
at 45°C in a solution of pH 7, without significant increase in the amounts of 
adenosine mono- and di-phosphate. In one of such assays, molar percentages for 
adenosine, adenosine mono-, di-, and tri-phosphate in a preparation of presumed 
triphosphate were 0-0, 2-0, 18-6, and 79-4, respectively; immediately after the 
test the percentages had changed to 0-3, 2-9, 21-9, and 74-9 respectively It 
follows that the contaminations detected in the di- and tri-phosphate solutions 
after the test (Table 7) should have appeared before or during the preparation 
of the solutions and not during the feeding tests. 


a 
DILUTED 
Ratios 
Total : 

(k is) (P) (PF) ; 
1x 10-* 10 4 5 (50) (25) 4 
1x10 50 26 5 31 62 52 O19 
1x10" 475 233 70 303 64 49 

435 70 $7 127 29 16 
| 1x10 10 0 (10) (0 
4 
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TABLE 7—STIMULATIVE POWER OF VARIOUS NUCLEOTIDES AND THEIR RELATED COMPOUNDS 
TO INDUCE GORGING OF THE MOSQUITO 


Numbers of mosquitoes exposed (e) and fed (f)* 
Experimental compounds+ 5’-adenylic acidt 
Compounds — 
M 


10*M | | 105M | 10*M | 

t f € f ¢ f 
D-ribose 22 O-2 | 22 20 13-2 | 20 1-2 
Adenine 22 O-1 | 22 1-0 20 13-2 | 20 1-2 
\ denosine 25179 21 14 0-0 | 20 12-1 | 20 4.3 
Ribose-5-phosphate (a) 20 20 0-0 20 13-4 20 3-4 
2’ or 3’-adenylic acid 45 3-5 | 45 1-3 | 45 O-1 | 35 15-3 | 35 6-3 
Adenosine diphosphate (b) 50 25-6 | 50 13-9 | 50 22-8 50 10-9 
Adenosine triphosphate (c) | 50 18-6 | 50 6-9 | 50 22-8 | 50 10-9 
5’-inosinic acid 20 0-0 | 20 0-0 | 20 0-0 | 20 10-4 | 20 2-2 
5’-guanylic acid 20 0-3 | 20 0-1 | 20 1-1! 20 20 4.4 
Theophylline ribose-5-phosphate 22 O-1 | 22 O-1 22 O-0 20 13-3 | 
5‘-deoxyadenylic acid 20 12-3 | 40 40 1-5 | 20 9-2 | 20 4-4 
5’-deoxyguanylic acid 20 3-1 | 20 1-1 | 20 10-4 | 20 2-5 
5‘-thymidylic acid 20 O-5 | 20 0-5 | 20 10-4 | 20 2-5 
Riboflavine-5’-phosphate 20 0-2 | 20 0-0 3 0-0} 20 13-4 | 20 3-4 
Adenosine-5’-sulphate 25 «6-1 25 O-O | 25 10-5 20 3-4 
Amino acids (d) 15 0-0 15 11-1 
NaHCO, (buffer) 65 0-0 
KH,PO,-Na,HPO, (buffer) 20 0-0 


* Numbers satiate are shown on the left side of hyphens and those partially fed are on the right 
in the columns (f). 

+ These are dissolved in 0-15 M NaCl (pH ca. 7) and fed forcibly. 

(a), (b) Containing 1-0 per cent and 6:1 per cent of adenosine monophosphate, respectively. 

(c) Containing 3-5 per cent and 10-7 per cent respectively of adenosine mono- and di-phosphate. 

(d) The data are commonly applicable to each of the following six amino acids: glycine, glutamic 
acid, cysteine, arginine, tyrosine, and histidine. 


At the concentration of 1 x 10-4 M, 5’-adenylic acid brought about engorgement 
in 49 per cent of the insects exposed and partial feeding in 15 per cent (‘Table 6). 
The latter may be considered to be mostly, if not exclusively, caused by weaker 
stimulation by the adenylic acid, since the ratio of partial feeding to full feeding 
increases as the concentration approaches the threshold value of engorgement, 
which seems to exist in the neighbourhood of 10-5 M. Under the present condi- 
tions of feeding, stimulus by the adenylic acid is at its full strength at 1 x 10-4 M 
and seems to remain nearly constant up to 1 x 10-? M. Why the stimulative power 
is not enhanced with the increasing concentration of the acid will be discussed later. 

In an examination not included in Table 6, a non-buffered 10-* M 5’-adenylic 
acid was found to be evidently far less acceptable than a 10-* M one, most probably 
owing to the higher acidity of the former solution. In the light of the previous work 
by Frincs (1946) and Cuapwick and Dernier (1947), the stimulative power of 
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acids in insect chemoreception is dependent not solely upon the hydrogen-ion 
concentration, but also upon the property and concentration of the anions. It is 
not unwarranted, therefore, to suppose that an excess rise of the 5’-adenylic acid 
concentration tends to reduce acceptability of the compound until this becomes 
rejected by the mosquito regardless of the solution being neutralized. Such a 
trend is nothing but what is observed with NaCl (Sections A, 1; B, 2), besides 
being reported by BuTLeR (1940) and Frincs (1946). Thus considered, the type 
of stimulation caused by 5’-adenylic acid is no longer unique in the physiology 
of contact chemoreception of insects as it first appears. It may belong to the 
same type which characterizes some of the acids and salts possessed of the double 
modality (DeTHieR and Cuapwick, 1948), only differing from them in that a 
peculiarity as it becomes exceedingly acceptable to the mosquito over a wide 
range of very low concentrations. 

It would seem somewhat curious that in the present experiments 0-15 M NaCl 
proved entirely unacceptable (Table 7). However, the solutions used here had 
been buffered with either 0-001 M NaHCO, or 0-001 M phosphates. In view 
of the trivial effectiveness of NaCl, there might be a good possibility that the 
buffering compounds had cancelled out the acceptability of the solution. By 
analogy, some of the negative results obtained with several acids might possibly 
be derived from the use of buffered solutions. Apparently all the six amino 
acids were not accepted in accordance with the statements by von Friscu (1934). 
It cannot be concluded, however, that several cases of aberrant positive responses 
recorded in ‘Table 7 are always caused by a contamination of 5’-adenylic acid. 
Since a similar instance has also occurred in the tests of fractionated blood 
extracts (Fig. 5), the above results may rather be the true indication of slight 
acceptability of the test compounds. 

Besides 5’-adenylic acid there are four compounds which exert marked stimu- 
lation on the mosquito; i.e. 5’-deoxyadenylic acid, adenosine di- and tri-phosphate, 
and adenosine-5’-sulphate (Table 7). On account of the contamination of 5’- 
adenylic acid in solutions of adenosine diphosphate, the net influence of the 
latter is not accurately measurable, though its effectiveness is undoubted. The 
ambiguity increases in considering the effect of the triphosphate ally, but most 
probably this compound may also possess a certain degree of stimulatory effect. 
The 1x 10-* M solution of the triphosphate produced a better result than the 
1 x 10-° M diphosphate and so did the 1 x 10-° M triphosphate as compared with 
1x 10-®M diphosphate, on which 1 engorged and 3 partially fed out of 20 
exposed. This fact seems somewhat difficult to explain exclusively by the 3-5 per 
cent and 10-7 per cent contaminations respectively of the mono- and di-phos- 
phate in the triphosphate solutions. 

Table 7 also indicates a few interesting correlations between acceptability of 
the compounds and their structures. The nucleotide-like constitution involving 
the adenine moiety is of fundamental importance to the rise of stimulative power. 


Either the conversion of the ribose group to deoxyribose or the replacement of 


the phosphate group by sulphate reduces the acceptability; but the reduction 1s 
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not serious. ‘This is in marked contrast to the consequence of a migration of the 
phosphate group from the 5’ position to the 2’ or 3’, which reduces almost entirely 
the action of adenine nucleotide. This idea is also supported by the previous 
finding that the hydrolysates of yeast pentose nucleic acid are virtually ineffective. 

The physiological significance. \t may be inquired to what extent the foregoing 
results resemble the blood stimulation under natural circumstances. The feeding 
activity on adenosine-5’-phosphates is sufficiently comparable with that on 
sugar-free intact erythrocytes (Tables 6 and 7 vs. Fig. 1(a), F—). The percentages 
that satiate, though not extremely high, seem reasonable for conditions of the 
forcible feeding. Unfortunately, data for the adenine nucleotide content of ox 
erythrocytes are not available. In freshly shed human blood, total adenine nucleo- 
tides per litre erythrocytes are reported to amount to about 1-5 10~-* mole. 
They exist mostly in the form of adenosine triphosphate (OVERGAARD-HANSEN 
et al., 1957). The amount is about four times as large as that calculated for the 
ox blood extract obtained from the same volume of the erythrocytes. However, 
since the extraction was not originally intended for the measurement of the 
nucleotide content, the smaller amount in the latter would not be surprising. 
Granted that nearly equal amounts of adenine nucleotides are present in ox 
erythrocytes as in human ones, and assuming that a 50-fold dilution of the cells 
represents the threshold of gorging, the nucleotides have to be effective down to 
the concentration of 0-3 x 10-*M. This value seems quite reasonable provided 
that all the adenine nucleotides contained in the erythrocytes are available for 
feeding stimulation as efficiently as 5’-adenylic acid given in the form of a solution. 
According to CHEN and JoRGENSEN (1956), adenosine triphosphate in shed human 
blood breaks down rapidly into hypoxanthine and the degradation is accelerated 
by haemolysis. It seems likely that the ‘ageing phenomenon’ observed in the 
stimulatory effect of haemolysed ox erythrocytes (Section A, 3) has a close rela- 
tion to the above reaction. 

A question arises as to how the mosquito can make use of the blood adenine 
nucleotides so readily. As for the experimental result, ambiguity remains in the 
effectiveness of adenosine triphosphate. Even if the compound were equally as 
stimulative as the mono- or di-phosphate, it is hardly conceivable that the com- 
pound diffuses out of the blood cells so freely into the sense organs of the insect 
as when it is present in saline. Since repeated washings of erythrocytes do not 
reduce their acceptability, naturally occurring adenine nucleotides should be 
bound to the cells with considerable firmness. It follows that there must be some 
means for the mosquito to release the compounds from the cells during the period 
of aspiration of a blood meal. Whether the saliva or the surface of the sense 
organs does this awaits further investigation. In this respect the particulate 
nature of erythrocytes might also be related to the acceptability of the cells, not 
because of the possibility of tactile stimulation, but because of an action such 
as the presence of stroma providing the most suitable condition for erythrocytes 
to retain their adenine nucleotides and to liberate them promptly during the 
passage to the midgut of the mosquito. 
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Abstract—It has been reported that tyrosinase of Drosophila or Musca occurs as a pro- 
enzyme, which becomes active by the action of a protein activator, and that the level 
of tyrosinase activity finally attained was considerably lower when the activation was 
allowed to take place at 25 C, instead of 0 C. Detailed studies on this temperature 
effect, described in the present paper, revealed the presence of an inactivation process 
of the proenzyme besides the activation process. From the results of kinetic experi- 
ments, a close relationship between the production of the activator and that of 
tyrosinase is suggested. 


INTRODUCTION 
Ir has been reported (Bopine et al., 1938, 1944) that tyrosinase in the diapausing 
egg of the grasshopper, Melanoplus differentialis, occurs as an inert proenzyme, 
which can be activated by treating it with a variety of surface active substances, 
or heavy metals, or high temperature. 

Recently, another type of tyrosinase activation was found in insects: tyro- 
sinase of Drosophila occurs as a proenzyme, which becomes active by the action 
of a protein activator (OuNisHI, 1953, 1954; Horowrrz and FLING, 1955). The 
same type of tyrosinase activation was also found in the pupae of the housefly, 
Musca vicina Macq. and some properties of the activation process were presented 
in a previous paper (OHNISHI, 1957). 

The present paper deals with studies on the same material in attempts to 
clarify the effect of temperature on the activation process. Making use of the 


temperature effect, some kinetic experiments were also conducted. 


MATERIALS AND METHODS 
For the source of the enzyme system, acetone powder as well as fresh material 
was used. A culture method for the housefly was described previously (OHNISHI, 
1957). Acetone powder was made by homogenizing pupae in roughly 10 parts 
of ice-cold acetone and washing with absolute acetone. Drying was achieved in 


a stream of dried air by the device described by ‘Tamrya (1955) 


* Present address: Kerckhoff Laboratories of Biology, California Institute of Technolog: 
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Extraction for the activation experiments was made with ice-cold M/30 
phosphate butfer (pH 7-0) by homogenizing either in a blender (in the case of 


fresh pupae) or in a glass mortar (in the case of acetone powder) and centrifuging 


the homogenate at 3000 rev/min for 3 min. The activation process was followed 


by sampling at intervals from the extract, which was kept at the desired tempera- 


ture. Usually, the time at which homogenizing was done was taken as the zero 


time for the activation process. But in the experiments where the activation 


proceeds rapidly at the beginning, the homogenate was at first made with cold 


M30 Na,HPO,, which suppresses activation during the extraction procedure, 


and the homogenate was neutralized with an appropriate amount of cold M/30 


KH,PO, at the zero time for the activation process. 
‘T'yrosinase activity was determined by the colorimetric method of Horowitz 


and SHEN (1952). ‘Tyrosinase was allowed to react with dopa at pH 6-0 for 5 min 
at 30°C, and was blocked by the addition of 2 drops of N/5 KCN. The intensity 
of the colour of dopachrome, produced by the action of tyrosinase, was measured 
a Leitz Photometer with 445 my filter. 


by 


EXPERIMENTAL RESULTS 


Effect of temperature on tyrosinase activation 
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Effect of temperature on tyrosinase activation. Extracts made from fresh pupae 


ded into two parts and each part was exposed to the temperature indicated 
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It was noticed by Horowitz and FLING that the level of tyrosinase activity 
finally attained was considerably lower when the activation was allowed to take 
place at 25°C instead of 0°C. They suggested that the effect might be due to 
the destruction of the activating system at 25°C. In order to analyse the tempera- 
ture effect, the following experiments were conducted. 

In the first series of experiments, the activation was allowed to take place at 
various temperatures ranging from 0°C to 40°C. Each extract, made from fresh 
pupae, was divided into two parts and the one was incubated at the varied tempera- 
ture and the other was kept at 0°C for comparison. ‘The course of the activation 
process was followed by sampling and measuring the activities at intervals. ‘Two 
examples are shown in Fig. 1. It is clear from the figure that at the high tempera- 
tures there is a marked shortening of the lag period and a reduction of the final 
activity. 

The relation between the temperature and the final yield of tyrosinase is 
shown in Fig. 2, in which the final tyrosinase activity at the given temperature 
is expressed as the percentage of that produced at 0°C. A remarkable fact is that 
the final yield of tyrosinase was affected even at a relatively low temperature such 
as 5°C. 


Ye 


Tyrosinose octivity, 


Temperoture 


Fic. 2. Effect of temperature on the final yield of tyrosinase. ‘Tyrosinase activity at the given 
temperature is expressed as the per cent activity of that obtained in the activation at 0°C. 


For the analysis of the temperature effect, it is necessary to know which of 
the reactants, viz. the proenzyme or the activator, is limiting the final level of 


tyrosinase activity. 
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When the activation process was allowed to proceed at 0°C, the limiting 
factor was determined by the addition of 5 mg of activator preparation.* 

As shown in Fig. 3, the activator preparation caused a marked shortening of 
the lag period, but the final yield of tyrosinase activity was not affected by the 
addition of the activator. This fact seems to indicate that the concentration of 
the proenzyme is limiting the final level of tyrosinase activity when the activation 
is allowed to take place at 0°C. 
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Fic. 3. Tyrosinase activation with and without activator preparation. The extract was 


divided into two parts; one of them was mixed with the activator preparation (broken line) 


and the other was mixed with distilled water (solid line) at the time indicated by the arrow 


To determine whether the proenzyme or the activator is limiting the final 
yield of tyrosinase at high temperature, two types of experiments were conducted. 
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Fic. 4. Thermal inactivation of the proenzyme at 30°C. Fresh extract was incubated at 
30°C for 10-20 min and then cooled to 0 C. Half of it was mixed with the activator prepara- 


tion (broken line) and the other half was mixed with distilled water (solid line) at the time 


indicated by the arrow. 


* The activator preparation was made as follows: Acetone powder was extracted with phosphate 
buffer (pH 8-0), containing HCN of 1/10 normality in a final concentration and saturated ammonium 
sulphate solution was added to precipitate the activator (60 per cent was sufficient). The precipitate 


s dissolved in the phosphate buffer containing N 10 HCN and the solution was dialvsed against 


tap water. The dialysed solution was centrifuged, and the supernatant, which was usually devoid 


of tyrosinase activity, was used as the activator preparation 
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Firstly, the activation was allowed to take place at 30°C for 10-20 min and 
then cooled,to 0°C. Half of the extract was mixed with the activator preparation 
(5 mg), and the other half was mixed with distilled water for comparison. 

If the activator is denatured and the proenzyme is left unaffected at the high 
temperature, the activation of the extract should resume at the time when the 
activator is provided at low temperature. On the other hand, the resumption of 
the activation cannot be expected if the proenzyme is affected at high temperature. 

The results of the experiments shown in Fig. 4 support the second alternative, 
i.e. that the proenzyme is affected at high temperature. 
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Fic. 5. Effect of heat treatment (30°C for 30 min) on the activator preparation. Upper 
figure indicates the activation of the extract with (broken line) and without (solid line) heat- 
treated activator preparation. Lower figure indicates the activation of the extract, with heat- 
treated (broken line) and non-treated (solid line) activator preparation. 


Secondly, thermal stability of the activator preparation was examined by 
incubating it at 30°C for 30 min before the addition to the system. The incubated 
preparation still possessed the ability to shorten the lag period of the fresh extract, 
which was allowed to become active at 0°C (Fig. 5, upper figure). Another 
experiment of a similar type was conducted to secure further information regarding 
the thermal stability of the activator. The extract prepared from fresh pupae 
was divided into two parts and these were mixed with heat-treated (30°C for 
30 min) and non-treated activator preparation. As seen in Fig. 5 (lower figure), 
both extracts behaved similarly, indicating that heat treatment of the activator 
preparation did not affect significantly the activating capacity. 
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From these experiments, it may be concluded that the effect of high tempera- 
ture, acting to reduce the final yield of tyrosinase activity, is the result of destruc- 
tion or inactivation of the proenzyme. 


TABLE 1—THERMOSTABILITY OF THE PROENZYME UNDER 
CONDITIONS IN WHICH THE ACTIVATION IS SUPPRESSED 


Heat treatment Tyrosinase activity 
‘Temperature ((C) | ‘Time (min) (per cent*) 
| | 
20 30 103 
25 | 30 100 
30 30 | 58 


* Per cent activity of that possessed before the heat treatment. ‘Tyrosinase activity was 
measured after dialysing out the salt and the buffer. 


To sum up, the bulk of the proenzyme is activated to the active tyrosinase 
where the activation is allowed to take place at 0°C, whereas most of the proenzyme 
is converted to an inactive product at high temperature. This fact can be inter- 
preted in terms of temperature coefficient, i.e. the temperature coefficient of the 
inactivation process is greater than that of the activation process, thus causing 
the former process to prevail at high temperature. 
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Fic. 6. Thermal stability of the activated enzyme (tyrosinase). 
‘Tyrosinase activity is plotted on a logarithmic scale. 


The next step in the analysis of the nature of the temperature effect is to know 
what the inactivation process is. One of the possibilities is the thermal denaturation 
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of the proenzyme molecule. Unfortunately, it is as yet not possible to estimate 
directly the thermal stability of the proenzyme at neutral pH, because of the 
difficulty in obtaining an activator-free proenzyme preparation (activation occurs 
in this condition). ‘Thermal stability is, therefore, inferred (a) from the thermal 
stability of the proenzyme in the medium of high alkalinity (pH 10-0) and high 
ionic strength (4% =1-0) (in this condition the activation process is suppressed 
completely) and (b) from the thermal stability of the activated tyrosinase. 

The thermal stability of the proenzyme in the above-mentioned condition is 
shown in Table 1, which indicates that the proenzyme is not so labile as to be 
affected at relatively low temperature. Although it was affected by treating at 
30°C for 30 min, this fact does not necessarily mean that the proenzyme is rela- 
tively labile at high temperature, since the alkalinity at which the stability was 
estimated is not favourable to most proteins. 

Thermal stability of the activated enzyme is illustrated in Fig. 6, which 
indicates the relatively high stability of the enzyme. 

Judging from these results, the inactivation of the proenzyme at high tempera- 
ture may not be the thermal denaturation of the proenzyme. 


(11) Increase in the activator concentration during the activation process and close 
relation of the increase to tyrosinase production 

If the hypothesis of Horowitz and FLING is accepted, the following points 
can be expected from the autocatalytic reaction formula (proenzyme + activator 
tyrosinase + 2 activator). 

Increase in tyrosinase activity during the activation process will proceed in 
a sigmoid fashion (provided that the initial concentration of the activator is less 
than that of the proenzyme). The inflexion point of the curve is the point at 
which the two reactants, viz. the activator and the proenzyme, have the same 
concentration. ‘Therefore, if the concentration of the activator is increased experi- 
mentally above that of the proenzyme at the onset of the reaction, the increase in 
the tyrosinase activity will no more follow the sigmoid curve, but will fit a convex 
curve, which has no inflexion point (upper part of the sigmoid curve). After the 
completion of the activation, the concentration of the activator will exceed that of 
tyrosinase, activated during the reaction, by the initial concentration of the activator. 

To test these kinetic predictions, the following experiments were made. In 
order to ensure the constancy of the results, acetone powder was used as the 
source of the enzyme system. All the reactions were allowed to take place at 0°C 
to avoid temperature effects. 

In the first experiments, 60 mg of acetone powder was extracted with 5 ml 
of ice-cold M/30 phosphate buffer (pH 7-0), and the extract was allowed to become 
active. One such experiment is shown in Fig. 7 (solid line), as a typical sigmoid 
curve. ‘The initial concentration of the activator, which was estimated from the 
inflexion points of seven experiments, is in the neighbourhood of 15-25 per cent 
of that of the proenzyme. Therefore, the final concentration of the activator may 
be 115-125 per cent of that of tyrosinase. 
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In the second experiment, the first extract, made from 60 mg of acetone 
powder and allowed to complete the activation, was mixed with the second pro- 
enzyme-activator system (made from the same amount of acetone powder) at the 
onset of the second activation process. From the reasoning presented above, the 
increase in tyrosinase activity is expected to follow the convex curve without an 
inflexion point, instead of a sigmoid curve. Experimental results confirmed the 
expectation, as shown in Fig. 7 (broken line). In the figure, the tyrosinase activity 
of the extract, which had completed its activation before the addition of the 


reaction system, is subtracted. 
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Time min 


Fic. 7. Time-activity curve of the extract, made from acetone powder. For the explana- 
tion of the curves, see text. Tyrosinase activity of the extract, which had completed its 
activation before the addition to the reaction system, is subtracted in the figure. 


According to the autocatalytic reaction formula of Horowitz and FLING, the 
activator is contained in and generated from the proenzyme molecule, along with 
the active tyrosinase, in the course of the activation process. If so, it may be 
possible that the production of the activator is also suppressed at high tempera- 
ture at the same time as the production of the active tyrosinase. 
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Fic. 8. Time-activity curve of the extract, made from acetone powder. For the ex- 
planation of the curves, see text. Tyrosinase activity of the extract, which had completed its 
activation before the addition to the reaction system, is subtracted in the figure. 


In order to ascertain this point, the third experiment was conducted. The 
design of the experiment was the same as that of the second experiment, except 
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that the first activation process, which is to supply the activator to the second 
reaction system, was allowed to take place at 30°C. If the above supposition is 
correct, it may again be expected to have a sigmoid curve. Experimental results 
fitted well the expectation, as shown in Fig. 8 (solid line). In the figure, the tyro- 
sinase activity of the extract, which had completed its activation before the addi- 
tion of the reaction system, is subtracted. 

To make sure that the effect of high temperature is not due to the thermal 
destruction of the already formed activator, the fourth experiment was made. 
The design of this experiment was the same as that of the second one, except that 
the first extract, which was allowed to complete the activation at 0°C, was in- 
cubated at 30°C for 30 min before the addition to the second system. As shown 
in Fig. 8 (broken line), the same activation curve (the convex one) as that in the 
second experiment was obtained. This fact indicates that the effect of high 
temperature is to suppress the production of the activator, but not to inactivate 
the already produced activator. 


DISCUSSION 

From the detailed studies concerning the temperature effect on the activation 
process, it becomes necessary to introduce a third component, which inactivates 
the proenzyme, to the tyrosinase system of Diptera. 

In a previous paper (OHNISHI, 1957), it was shown that the activator preparation 
cannot only shorten the lag period, but also cause an increase in the final yield of 
tyrosinase. This fact can be explained by the competition for the proenzyme 
between the activation- and inactivation-processes at high temperature employed 
(30°C). 

The nature of the inactivation is not known, but the possibility of thermal 
denaturation of the proenzyme molecule is not likely from the following evidence. 
Firstly, judging from the thermal stability of the activated enzyme and that of 
the proenzyme under conditions that suppress the activation, the proenzyme is 
not likely to be labile at relatively low temperature, such as 5-10°C. Secondly, 
it is also unusual for proteins to be denatured at such low temperatures in a short 
time, and, further, the temperature coefficient of protein denaturation is generally 
large, so that denaturation becomes evident suddenly within a very narrow tempera- 
ture range. ‘This fact cannot be reconciled with the inactivation process, which 
occurs over a wide range of temperature. 

It was previously suggested by the author that activation of a similar kind 
also occurs in the tyrosinase system of silkworm body fluid (1954). For comparison, 
the activation of this material was allowed to take place at 30°C as well as 0°C. 


As shown in Fig. 9, there is a shortening of the lag period in the activation at 30°C, 
but the suppression of the final yield of tyrosinase at high temperature was not 
encountered in this material. ‘The fact seems to suggest that in the tyrosinase 
system of the silkworm, inactivation of the proenzyme does not exist. 

For the mechanism of the activation, Horowitz and FLING proposed a 
modified autocatalytic reaction scheme, in which active tyrosinase is a product of 
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the reaction and has no role in the process. The experiments presented in this 
paper have confirmed the increase in the concentration of the activator during the 
activation process. It is further shown that the increase of the activator is sup- 
pressed at high temperature, where the production of the active enzyme is also 


Tyrosinase activity 


Time, min 


Fic. 9. Effect of temperature on the activation of tyrosinase in the body fluid of the 
silkworm. 


suppressed. ‘The fact suggests a close relation between the production of tyro- 
sinase and that of the activator. It thus supports the autocatalytic hypothesis of 
tyrosinase activation. 

Most of the enzymes which are found to occur as proenzymes are extra- 
cellular enzymes; for example, proteolytic enzymes of the mammalian digestive 
tract. ‘hese are stored as the proenzymes in the cells. ‘The biological meaning 


of the occurrence of protyrosinase in the body fluid in insects may be assumed to 
be either (a) that tyrosinase is produced in the body fluid as the proenzyme but 
exerts its activity at other loci, such as in hypodermis or in cuticle, or (b) that 
tyrosinase works only at certain stages in development, for instance at pupation, 
and is stored as the proenzyme during the other stages. 


SUMMARY 
The effect of temperature on the final yield of tyrosinase was studied. When 
tyrosinase activation was allowed to take place at various temperatures ranging 


from 0°C to 40°C, the yield of tyrosinase was reduced with increase of tempera- 


ture. ‘lhe effect is due to the inactivation of the proenzyme, although the in- 


activation is not likely to be the thermal denaturation of the enzyme. Increase in 


the activator concentration was observed during the activation process. ‘The 


increase in the activator concentration was suppressed at 30°C, along with that 


of tyrosinase, suggesting a close relationship between the production of the 


activator and that of tyrosinase. 
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Abstract—The electrical properties of the cockroach giant axons have been examined 
by means of intracellular microelectrodes. Membrane resistance and membrane 
capacity were estimated by recording electrotonic potentials produced by square 
pulses of polarizing current. The membrane capacity was found to be relatively high 
as compared with other kinds of nerve fibres. A delayed rectification was observed 
with a strong cathodal current. The maximum rate of rise of the action potential 
was decreased by depolarization, whereas it underwent little change by hyperpolariza- 
tion. The changes in after-positivity and after-negativity under electrotonus suggest 
that the mechanisms of their production are different. The inward sodium current 
during an impulse was calculated on the basis of the sodium theory. The peculiarities 
of the electrical properties of the roach giant axon are discussed. 


Wuereas the electrical properties of nerve and muscle fibres have received much 
attention, only a few data are available for those of insect nerves. Resting and 
action potentials of the giant axons from the cockroach have been recorded by 
means of intracellular microelectrodes (BotsteL and Coraporur, 1954; Cora- 
BOEUF and BorsTeL, 1955; YAMASAKI and NARAHASHI, 1957, 1959). It was found 
that there is no substantial difference between the roach axon and other nerve 
fibres when the external sodium and potassium concentrations are varied 
(YAMASAKI and NaRAHASHI, 1959). In order to elucidate the mechanism involved 
in the excitation of the cockroach giant axon, its electrical properties must be 
investigated. The present paper gives the results of experiments concerning the 


electrical properties of the cockroach giant axons as examined by intracellular 
microelectrodes. 


METHODS 


Insects and nerve preparations are the same as those used in our previous works 
(YAMASAKI and NARAHASHI, 1957, 1959). In order to improve high frequency responses a 
compensation circuit as described before was also employed (YAMASAKI and NARAHASHI, 


1959). 


Stimulation and recording 


One and the same microelectrode inserted in the axon was used for both stimulating and 
recording. In order to eliminate the potential drop across the resistances other than nerve 
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membrane, the Wheatstone bridge circuit used by Araki and Orant (1955) and Frank and 
Fuortes (1956) was employed (Fig. 1). A microelectrode was inserted in an axon while the 
input of ‘voltage’ measuring amplifier was being connected with B. This connexion made 


the bridge circuit inoperative. When it was confirmed that the impaled axon was capable 


of generating action potentials of normal amplitude for a period of more than 10 min after 
impalement, the input was then connected with C, thus making the bridge circuit operative. 
Immediately after this, compensation voltage was adjusted by R, so as to cancel the resting 
potential. Calibration potential was applied through the resistance of 500 ©, R,. Bridge 


= 


Fic. 1. Diagram of arrangement used for polarizing and recording. R, 1 KQ, R, 10 KQ, 
R, 85 MQ, R, 500 Q, R, 100 Q, R, 300 Q, R, 104 KQ, and R, 10:37 MQ. 


balancing was performed by adjusting the two variable resistances, R, and R,, in the lower 
limbs of the bridge so as to eliminate the potential drop across resistances other than nerve 
membrane. This could easily be performed because the electrotonic potentials arising from 
the membrane showed a slow rise and fall whereas the potentials from other resistances 
showed a very sharp rise and fall. If necessary, applied polarizing voltages were measured 
by knowing the current intensities passing through R,. Applied currents were measured by 
the potential drops across R,, because these potential drops were equal to those across R, 
under balanced conditions. The measurements of electr xde resistances were made on the 
electrodes when in contact with Ringer’s solution by comparing the calibrating potentials 
recorded with the input of the ‘voltage’ amplifier when connected with A and B respectively. 


Microelectrodes 

In order to allow strong currents to flow through a microelectrode without changing its 
resistance, microelectrodes having a resistance of 4-8 MQ had to be selected for use. The 
tip diameters of such electrodes were of the order of 0-5-1 yu, though no accurate measure- 
ments were made. Even with these microelectrodes the resting and action potentials of the 
impaled axons were kept unchanged for as long as 3 hr or more. 

The modified Ringer’s solution described in our previous paper was also used (YAMASAKI 
and NARAHASHI, 1959). All the experiments were conducted at room temperatures ranging 
from 16°C to 23:5 C. 
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RESULTS 

Voltage-current relation 

When a square pulse of polarizing current was applied to an axon through 
the impaled microelectrode, an electrotonic potential with slow rise and _ fall 
developed across the nerve membrane. A series of records is shown in Fig. 2. 
When weak currents were employed, catelectrotonic and anelectrotonic potentials 
evoked by equal intensity were quite symmetrical. The rise time of the anelectro- 
tonic potentials became longer and the magnitude of their steady state became 
greater as the current intensity was raised. With very strong anodal currents, 
the electrotonic potentials decreased after reaching a maximum showing a hump. 
At the end of a strong anodal current, the anelectrotonic potential decayed with 
a phase of slight depolarization. No break excitation occurred with the current 


Fic. 3. The relation between the intensity of applied current (abscissa) and the dis- 
placement of membrane potential (ordinate). Solid circles indicate the measurements at 
the final steady amplitude, while hollow circles indicate those at the initial hump. Axon H 
in Table 1. 


intensities used. On the other hand, the catelectrotonic potentials did not grow 
so markedly as the current intensity was raised; they reached a steady state of 
low magnitude after forming a hump. When the hump of the catelectrotonic 
potential reached a critical level, an action potential was generated from the 
summit of this hump. No repetitive excitation was initiated by raising the current 
intensity as high as twice to three times the threshold. At the end of a strong 
cathodal current, the catelectrotonic potential decayed rapidly with a phase of 
hyperpolarization. 

A typical example of the relation between applied currents and electrotonic 
potentials is illustrated by Fig. 3. ‘The magnitudes of the catelectrotonic potentials 
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were measured both at the summit of hump and at the steady state, but the 
anelectrotonic potentials were measured at only the steady state because the 
hump was not observed in the anelectrotonic potentials except for very strong 
currents. ‘The voltage-current relation clearly’ indicates that the membrane 
resistance increases as the intensity of anodal current is raised, while it decreases 
as the intensity of cathodal current is raised (cf. Fig. 6). The rectification with 
cathodal current may be called ‘delayed rectification’ as HODGKIN et al. (1949) 
have called it. 


Local response 


A square pulse of cathodal current produced a hump in the course of electro- 
tonic potential if it was of sufficient intensity. Superimposing the records of 
electrotonic potentials produced by equal and opposite currents revealed the 
fact that the catelectrotonic potential is composed of an electrotonic potential 
superimposed with a small negative potential (Fig. 4). This small potential 


Fic. 4. A, superimposed tracings of the catelectrotonic, c, and anelectrotonic, a, 
potentials produced by equal intensity of subthreshold current. A’, a subtracted tracing 
from c to a. B and B’, as in A and A’, but with threshold current. The action potential is 
truncated. Voltage calibration, 50 mV. Time marker, 10 msec intervals. Axon B in Table 1. 


increased in magnitude as the current intensity was raised, and it generated an 


action potential when it reached a critical size. It is undoubtedly a local or graded 


response in the region of the cathode, which has generally been observed with 
other nerves and muscles (e.g. HopGkin, 1938, 1948, 1951; Karz, 1937, 1947). 
It should be noted that the subtracted tracings in Fig. 4 undoubtedly do not 
show the true magnitude and time course of the local response. ‘This view 1s 
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based on the following reasons: with the current intensities used, the membrane 
resistance is so increased by hyperpolarization that the potential level at any 
instant must be greater than that expected from the resting membrane resistance 
and the current intensity. On the other hand, the membrane resistance is so 
decreased with delay by depolarization that the catelectrotonic potential must be 
smaller than that expected from the resting membrane resistance and the current 
intensity except for the initial phase. It follows that the magnitude of the apparent 
local potential so obtained is certainly somewhat smaller than the true magnitude, 
and that the apparent positive phase that follows a negative local potential is 
somewhat overestimated. 


Critical depolarization and threshold current 

The values of the critical depolarization from which an action potential is 
generated are shown in Table 1 together with the intensities of threshold current. 
These gave a mean value of 22 mV for critical depolarization and 4-42 x 10-* A 
for threshold current. Responses of the axon depolarized by a variety of current 
intensities are shown in Fig. 5. It can be seen that the critical depolarization 1s 
independent of the current intensity and hence is independent of the time to 


reach it. 


Electrical constants 


Electrotonic potentials evoked by square pulses of polarizing current were 
analysed on the basis of the cable theory introduced by HopGkIN and RusHTON 


(1946). 

The values of the effective resistance, R,, were in the range of 207-452 KQ 
with a mean of 283 KQ (Table 1). In order to calculate the specific membrane 
resistance, R., from R., it is necessary to know both the specific axoplasm resist- 
ance, R,, and the axon diameter. ‘The axoplasm resistance could not be estimated 
by recording the electrotonic potential at only zero distance. There is general 
agreement that the axoplasm resistance is about 2~3 times the specific resistance 
of the surrounding medium, R.. The mean value of R,/R,, was calculated as 2-72 
(from ‘Table 3 in WetpMANN, 1957). The haemolymph serum of the cockroach 
is found to be isotonic to 224 mM NaCl solution (Lupwic et a/., 1957). ‘The 
specific resistance of 224 mM NaCl was estimated to be 48 Q cm by extrapolating 
the relation between resistances and NaCl concentrations (from table on p. 1546 
in HopGMAN, 1939). Hence R, was assumed to be 130 Q cm. The diameter of 
the axon, being the largest one in the nerve cord, was about 50 ». The values of 
R., fell in the range of 410-1940 Q cm? with a mean of 800 Q cm? (‘Table 1). As 
expected from the voltage-current relation, R, varied with current intensities, 
being increased by anodal current and decreased by cathodal current (Fig. 6). 

‘The values of the space constant, A, fell in the range of 0-63-1-36 mm with a 
mean of 0-86 mm (Table 1). 

The specific membrane capacity, C,, was in the range of 1-2-12-6 nF cm™ 
with a mean of 6:3 uF cm~* (Table 1), and was independent of the intensity of 
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anodal current (Fig. 6). The mean value for the membrane time constant, + 
was 4-2 msec with a range of values from 1-6 to 7-7 msec (Table 1). 


m’ 


TABLE 1—ELECTRICAL PROPERTIES OF THE COCKROACH GIANT AXONS 


Tem- | Critical | Threshold 
Axon | perature Re | Ce Tm A | depolari- | current 
| zation 
({22crn*) | cm~*)| (msec) | (mm) (mV) A) 
0-65 
0-76 S 5-02 
0-91 
0-82 
1-36 
0-91 
1-09 
0-63 
0-79 
0-84 
0-70 


450 | 
600 | 
850 
710 
1940 
SOO 
1230 
410 
650 
660 


510 


NN ws 
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Fic. 6. The relations between the applied current (abscissa) and membrane resistance 
(Ry, solid circles), time constant (t,,, triangles) and membrane capacity (C,,, hollow circles) 


(ordinate) Axon E in Table 1 


Relation between membrane potential and action potential 


There is general agreement that the amplitude of the action potential decreases 
under catelectrotonus while it increases under anelectrotonus (e.g. Coomss ef ai., 
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1955; Hacrwara and Watanase 1954; Iro, 1957; Wetpmann, 1955). The 
cockroach giant axon has also been shown to behave similarly (CorRABOEUF and 
BorsTeL, 1955). Furthermore, there is convincing evidence that the rate of rise 
of the action potential is largely dependent on the membrane potential, being 
increased hy raising the membrane potential and decreased by lowering the 
membrane potential (Ito, 1957; 1955). 

An action potential, which was evoked by a single shock delivered through a 


pair of external electrodes, was sent to the region where a polarizing current was 


being applied through the impaled microelectrode. One example of a series of 
PI 


se 


Fic. 8. The relation between action potential (abscissa) and the displacement of 
membrane potential (ordinate). Triangles indicate the magnitudes, solid circles the rates 
of rise and hollow circles the rates of fall of the action potential. Axon C in Table 1. 


records is shown in Fig. 7. ‘The magnitude, the maximum rate of rise, and the 
maximum rate of fall of the action potential are plotted against the displacements 
of the membrane potential as shown in Fig. 8. It can be seen that the magnitude 
of the action potential is largely dependent on the membrane potential. With 
weak currents of either direction the changes in spike height came close to com- 
pensating for the displacements of the membrane potential, whereas with stronger 
currents the changes in spike height could not compensate sufficiently for the 
displacements. An extrapolation of the curve relating the spike height to the 
membrane potential revealed that the spike height would not become zero even 
when the membrane was depolarized completely. Such a relation suggests that 
the action potential is generated not by a non-selective ion sink, as in the end- 
plate region, but by a selective permeability change to one species of ions 
(HAGIWARA and WATANABE, 1954). 
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The maximum rates of rise and fall of the action potential underwent little 
change by hyperpolarizing the membrane. On the other hand, they were decreased 
to some extent by depolarization (Figs. 7 and 8). 


Relation between membrane potential and after-potential 

There is general agreement that the magnitude of the after-positivity is 
dependent upon the membrane potential, being increased by depolarization and 
decreased by hyperpolarization (Araki and Orani, 1955; Coomps et al., 1955; 
EYZAGUIRRE and Kurrver, 1955; Iro, 1957). Furthermore, when the anodal 
current is further increased, the after-positivity inverts into after-negativity (ITo, 
1957). In the cockroach giant axons, the spike potential was followed by an after- 
positivity of small amplitude and the latter in turn was followed by an after- 
negativity of much smaller amplitude (Fig. 9). 
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Fic. 10. The relations between the displacement of membrane potential (abscissa) 
and after-potential (ordinate). Hollow circles indicate the magnitudes of the negative after- 
potential and solid circles the positive after-potential. (a), Axon B in Table 1. (b), Axon C, 
but with more extended hyperpolarization. 


The nerve cord was stimulated by external electrodes while the impaled 
axon was being polarized. One example of a series of records is shown in Fig. 9. 
It was found that the after-positivity was increased in magnitude by depolariza- 
tion whereas it was decreased by hyperpolarization. It eventually disappeared 
when the hyperpolarization exceeded a certain level. The after-negativity was 
decreased in magnitude by depolarization and increased by hyperpolarization. 
Plotting the magnitudes of the positive and negative after-potentials against the 
displacements of the membrane potential resulted in two separate straight lines 
as illustrated by Fig. 10. It can be seen that the straight line for the after-positivity 
has a slope of about unity under hyperpolarization whereas the slope for the 
after-negativity is less than unity. It follows from these observations that the 
after-positivity and the after-negativity are independent of each other. 
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lonic currents associated with an action potential 

According to HopGKIN and Karz (1949) the total quantity of sodium entering 
the axon during an impulse is given by C,,V//F, where V is the potential difference 
across the nerve membrane (in the case of action potential, the magnitude of 
action potential), and F is the Faraday. In the cockroach giant axons, C,, is esti- 
mated to be 6:3 uF cm-® and the magnitude of the action potential 95 mV 
(YamMAsAKI and NaranasHt, 1959). Hence the total quantity of sodium entering 
the axon is 6-2 x 10-! M cm~? impulse~'. However, the total quantity of sodium 
which enters should be larger than C,,V’/F because (1) sodium entry during the 
rising phase may be partly neutralized by exit of potassium or entry of chloride, 
and (2) sodium entry may continue during the falling phase (HODGKIN, 1951). 
The sodium entry is calculated as 1-4-1-6 x M impulse! for Loligo 
giant axons and 1-55 x 10-2 M cm™ impulse for Sepia giant axons (HODGKIN, 
1951: HopGcKrn and Katz, 1949; Keynes and Lewis, 1951). In fact, however, 
the observed values of the sodium entry are more than twice the calculated ones, 
being 3-5 x M cm~ impulse~! for Loligo axons and 3-7-3-8 x M 
impulse~! for Sepia axons (Keynes, 1951; Keynes and Lewis, 1951). If the 
similar relation were assumed for the cockroach giant axons, the sodium entry 
would be as large as about 1-5 x 10-"! M cm~* impulse~!. 

The ionic current entering the axon at the moment when the rate of rise of 
the action potential is at a maximum is given by: 

] el 


"ot 


where /, is the net inward current per cm? due to transfer of ions from outside 
to inside (HopGKIN and Karz, 1949). The maximum rate of rise of the action 


potential is estimated to be 1,100 V sec 1 and the maximum rate of fall 380 V sec! 


(YAMASAKI and NaARAHASHI, 1959). Hence the net ionic inward current during the 
rising phase is 6-°9 mA cm~*, and the net ionic outward current during the falling 
phase is 2-4 mA cm~*. The actual inward current must be even greater, because 
a large passive outward current is presumably flowing through the depolarized 
membrane at that instant (Fatr and Katz, 1953). 

The inward current during the rising phase of the action potential is estimated 
to be 0-6-1-0 mA cm for squid giant axons (Loligo) (HODGKIN et al., 1949, 1952: 
HopcKIN and Karz, 1949), 1-29 mA cm~? for crab muscle (Portunus and Carcinus) 
(Farr and Katz, 1953), and 2 mA for frog muscle (NAsTuK and HopGKIN, 
1950). Therefore, the value of 6-9 mA cm for the cockroach giant axons 1s 


considerably greater than those of other nerves and muscles. 


DISCUSSION 
Our previous study, in which the effects of varying the external sodium and 
potassium concentrations on the resting and action potentials from the cockroach 
giant axon have been examined, provides convincing evidence that the sodium 
theory (HoDGKIN, 1951) is also applicable to this axon (YAMASAKI and NARAHASHI, 
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1957). Based on this theory the depolarization causes a transient increase in 
membrane conductance to sodium which is followed by a slower but maintained 
increase in potassium conductance (HopGKIN and Hux.ey, 1952a, b; HopGKiIn 
et al., 1949, 1952). The rectification observed with cathodal current is therefore 
explained in terms of the increase in potassium permeability, and the delay in 
terms of the time required for the potassium permeability to change. 

The after-positivity following a spike potential in the roach axons is explicable 
by assuming that the increased potassium permeability during the falling phase 
of the action potential is maintained for some time after the spike, because the 
resting potential is smaller than the potassium equilibrium potential (YAMASAKI 
and NARAHASHI, 1959). ‘The phase of hyperpolarization following a catelectro- 
tonic potential would then be directly analogous to the after-positivity following 
an action potential. A positive phase is also found to follow a local potential set 
up by a subthreshold current in the roach axons. It should be noted that the 
presence of such a positive phase which follows the subthreshold response is 
demonstrated by calculation based on the sodium theory (HODGKIN and Hux.ey, 
1952b). 


TABLE 2—ELECTRICAL CONSTANTS OF NERVES AND MUSCLES 


| | 


Fibre 
Tissue dia- Ro R; Co Ton A Reference 
meter 
(2) (Q224em*) | (Qem) | (uF cm~*) | (msec) | (mm) 
Squid giant axon 500 700 30 1-0 0-7 6-0 CoLe and 
(Loligo) HopcKIN (1939); 
HOopDKIN et al. 
(1949) 
Squid giant axon 200 9200 60 1:2 14 5-7 WEIDMANN (1951) 
(Sepia) 
Crab axon (Carcinus) 30 | 7700 90 1-1 6:8 2-0 HopGKIN (1947) 
Lobster axon 75 2300 60 1:3 233 1-6 HoDGKIN and 
(Homarus) RusHTON (1946) 
Frog muscle (Rana) 45 4300 230 5 19 1-1 Katz (1948) 
Crab muscle (Portunus 180 120 70 42 4-6 0-9 Fatt and Katz 
and Carcinus) (1953) 
Kid Purkinje fibre 75 1900 110 12 20 1-9 WEIDMANN (1952) 


The dependence of the after-positivity following a spike upon membrane 
potential strongly supports the explanation for the after-positivity production 
mentioned above. It seems likely that the mechanism responsible for the after- 
negativity production is different from that for the after-positivity, because the 
slopes for both after-potentials are independent of each other as illustrated by 
Fig. 10. This view is also supported by the finding that a small dip is observed 
between the spike potential and the after-negativity even when the after-positivity 
disappeared by hyperpolarization. 
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Some of the electrical constants so far obtained are listed in Table 2. It will 


be seen that the membrane resistance of the roach giant axon is comparable to 


that of Loligo giant axon, but that the membrane capacity is considerably high 


as compared with other axons. A high membrane capacity, together with a 
relatively high rate of rise of the action potential (YaMAsAKI and NaRAHASHI, 
1959), calls for an intense exchange of ions during excitation as calculated in 
this paper. In connexion with a great value for the rate of rise of the action 


potential, it is of interest to find the ineffectiy eness of hyperpolarization on the 


rate of rise. This finding appears to be inconsistent with the experiment on 


Purkinje fibres in which an S-shaped curve relating the rate of rise to the mem- 
brane potential is obtained (WeIDMANN, 1955). The discrepancy, however, 


would be explained if it were assumed that in the roach axon the rate of rise of 


the action potential generated at the normal resting membrane corresponds to 
the upper limiting value of the S-shaped curve. In other words the sodium carrier 
system in the roach axon is assumed to be in an activated condition at the normal 
resting potential. 


SUMMARY 
The electrical properties of the cockroach giant axons have been examined 


by means of intracellular microelectrodes. One and the same microelectrode 


was used for stimulating and recording by employing a Wheatstone bridge circuit. 


A delayed rectification was observed when the intensity of cathodal current 
exceeded a certain level. Furthermore a local potential, which was followed by 
an after-positivity, was set up by a subthreshold cathodal current. ‘The membrane 
resistance was increased by raising the intensity of anodal current. With a very 


strong anodal current, the electrotonic potential decreased after reaching a 
maximum showing a hump. 


The mean critical depolarization was 22 mV, and the mean threshold current 
was 4-4 10-8 A, 


The electrical constants were as follows: specific membrane resistance 800 Q 


cm*, specific membrane capacity 6-3 «.F cm-®, time constant 4-2 msec and space 
constant 0-56 mm. 


‘The magnitude of the action potential was increased by hyperpolarization 
and decreased by depolarization. 


The maximum rate of rise of the action potential underwent little change by 
hyperpolarization, but was decreased by depolarization. 


The after-positivity was increased by depolarization and decreased by hyper- 


polarization. ‘The after-negativity was decreased by depolarization and increased 


by hyperpolarization. A straight line relating the after-positivity to the mem- 


brane potential had a slope of about unity under hyperpolarization, whereas a 
straight line for after-negativity had a slope of less than unity under hyperpolar- 
ization. 


The calculated values of 6-2 x 10-!* M cm-? impulse~! and 6-9 mA cm-2 were 


obtained for the total quantity of sodium entering the axon during an impulse 
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and for the net ionic inward current during the rising phase of an action potential, 
respectively. 

‘The nature of the delayed rectification, the mechanisms of the after-positivity 


and the after-negativity productions, and the peculiarities of the electrical proper- 


ties in the roach giant axon are discussed. 
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during the course of this work. 
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sheath-material, which coagulates 


Abstract 
rapidly and forms a lining to the path of the stylets when the insect feeds on natural 


Oncopeltus secretes two types of saliva 


food materials; and a watery and water-soluble saliva, which is secreted and sucked 


back again both on the surfaces of substrates and within them. Dysdercus fasciatus 


gn. (Pyrrhocoridae) secretes both types of saliva in a similar manner. In agar gels 


— containing sucrose or homogenized peanut, Oncopeltus deposits watery saliva, some of 
which is sucked back several minut ifter secretion. During this process, substances 
are leached from the mediun nd starch ; ns are broken down b in amvlase The 
course of feeding mn both natural and artificial media ts described It is sugue sted that, 
one feeding has begur the ecretion o tery iliva is inhibited by the flow of 
nmuids up the food-can that stvlet-activit inhibited by the presence of acceptable 
ubstances in these liquids, but c« tion of the inhibition can be brought about by 
sensory adaptation ; and th the secretion of sheath-material ts elicited by resistance to 
the 1 we of the stvlet but the rate of flow is uncontrolled and only a limited 
umount can be secreted continuous! Ihe functions of the salivary secretions are 


con idered, with reference to the feeding of the phyt: pl apous Hemiptera generall 


INTRODUCTION 


IN a previous paper (Mu Les, 1958b), reference was made to two types of salivary 


secretion produced by Heteroptera: the stylet-sheath material which sets rapidly 


to form a ‘track’ lining the path of the stylets during the penetration of food 


materials: and a watery secretion which, inter alia, is secreted onto surfaces and 


sucked back into contact with a gustatory organ when the insect ts exploring 


substrates with the tip of the rostrum. The present paper describes observations 


on the secretion of both types of saliva during feeding, with special reference to 


the milkweed bug, Oncopeltus fasciatus (Dall.), and discusses the significance of 


the secretions in the feeding processes of Hemiptera. 


THE CULTURE OF THE INSECTS AND TREATMENT OF SUBSTRATES 


The milkweed bugs used in this study were reared on milkweed seed and water, the 


latter forming an essential part of their diet. Dysdercus fasciatus Sign. (Pyrrhocoridae), on 


observations were also made, was reared similarly on soaked cotton-seed and 


which some 


water 


* Now at the Waite Agricultural Research Institute, University of Adelaide. 
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To study the feeding of Oncopeltus on plant materials, either sections of milkweed 
stem (about 4 mm in diameter and 20 mm long) or freshly blanched peanuts were placed 
in the insects’ rearing dishes for 24-48 hr. The material was then fixed in Carnoy’s or 
Petrunkewitsch’s solution, and paraffin sections 10 y« thick were cut and stained in safranin 


and light green or in Fleming’s triple stain. 


The artificial substrates mentioned in this paper were essentially those described by 
Mixes (1958a). Nutrients were added to a 2:5 per cent agar dispersion in water, and the 
mixture was cooled to 50°C and poured on to cold microscope slides to form films about 
1 mm thick. After the gel had set, the slides were placed film-uppermost among the insects, 
either in their rearing dishes or, to permit the observation of the course of feeding under the 


microscope, in 4in. glass crystallizing basins in which adults or last instar larvae were confined. 


It was found, towards the end of this inv« tigation, that when 2:5 per cent gelatine 


was added to the agar media, the films dried out more slowly and remained attractive to 
the insects over longer periods. 


EVIDENCE FOR THE SALIVARY NATURE OF THE SECRETIONS 

When the drinking water with which Oncopeltus or Dysdercus was provided 
contained trypan blue, the contents of the midgut became coloured with the dye, 
whereas both types of secretion described in this paper as ‘salivary’ remained 
colourless and were produced in normal quantities. The possibility that either 
was regurgitated from the midgut was thus eliminated. 

In a further paper in this series, evidence will be presented that the contents 
of the different lobes of the salivary glands correspond in their properties to one 
or other of the secretions. 


FEEDING IN NATURAL SUBSTRATES 

In milkweed stems, Oncopeltus left stylet-tracks similar to those produced by 
other phytophagous Hemiptera (SmiTH, 1926; Panter, 1928). On the surface 
of stems, as on other food materials, the insect first secreted an external ‘collar’ 
of sheath-material (Figs. 1 and 4), similar to one described by Smitru in the 
case of the aphid Mysus circumflexis Buckt. The thin, tubular ‘neck’ of the collar 
was formed by Oncopeltus within the labial groove and remained enclosed by 
the rostrum throughout feeding. ‘The stylet-tracks were mainly intracellular and 
terminated in the vascular bundles. Usually there was extensive branching at 
the level of the outer ring of phloem, and both phloem and xylem vessels became 
blocked with sheath-material (Fig. 1). 

In peanuts, sheath-material was discharged as a relatively thick mass initially 
but did not accompany the stylets for the full length of their penetration. This 
became evident when the material was fixed with the insects’ stylets in situ by 
the method of Smirn (1926). Sections showed empty cells surrounding the 
stylet-path, although many of the starch grains which normally filled the cells 
were too large to be accommodated unchanged by the food-canal of the stylets 
(Fig. 2). To investigate this last point further, the insects were dissected at 
various intervals after they had begun to feed on peanuts, and the contents of 
the gut were treated with iodine solution; at no time could starch grains be dis- 


covered, and it was concluded that the starch which the insects removed from 
the peanuts was digested extra-intestinally. 
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Fic. 1. Hand-cut section of milkweed stem showing the stylet-sheath (Sh) and the 
external collar of sheath-material (Col) produced by Oncopeltus. The tracks end in the 
phloem bundles (Ph) on either side of the xylem (Xy). 


Fic. 2. Microtome section of a peanut showing the regions of empty cells (EC) which 
result from the feeding of Oncopeltus and a fragment of the stylets (Sty) in situ. The stylets 
are surrounded at the proximal end by a thick safranin-stained mass of sheath material (Sh) 
which diminishes towards the centre of the peanut and is absent from the region of empty 
cells. Starch grains fill the other cells. 


Fic. 3. Films of sucrose-agar gel on which Oncopeltus has fed, fixed in formol and 
stained (a) with safranin and light green and (b) with toluidine blue. Abs, areas where the 


gel has been absorbed; Res. WS, partially resorbed watery saliva; Sh, mounds of sheath- 
material; Tr, partially formed ‘track’ of sheath-material; WS, deposits of watery saliva, 
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Fic. 5. Camera-lucida drawing, looking down on the surface of a film of sucrose-agar 
containing Chinese black, showing the absorption produced by the feeding of Oncopeltus. 
The right hand margin is one edge of the film, and the arrow indicates the point of entry of 


the stylets. The black masses represent sheath-material. 
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THE SECRETION OF SHEATH MATERIAL IN ARTIFICIAL SUBSTRATES 

When Oncopeltus inserted its stylets into a sucrose-agar gel, a stylet-sheath 
was seldom produced. However, the insect would often attempt to pierce the 
glass slide below the film of gel, and this activity was invariably accompanied by 
the discharge of drops of a viscous secretion which set rapidly and cohered to 
enclose the stylets. In the course of several minutes, a cone-shaped mound of 


the secretion would then be formed (Fig. 4), both by expansion of the outer 
layers as more material was secreted within the mound and by material seeping 
from the base of the mound or from splits or faults in its walls, while rhythmic 
movements of the head and rostrum indicated continuous stylet-activity within 
the mound. Eventually, the insect would either abandon its attempts to feed, or 
the stylets would bend at right angles against the glass and emerge from the 
base of the mound to become active in the body of the medium, as described by 
Mies (1958a). Occasionally a stylet-track continuous with the mound of solidified 
secretion was subsequently formed, indicating that the latter was sheath-material 
and represented a considerable length of stylet-track that would have been pro- 
duced had the stylets been moving through a suitable medium. 


Fic. 4. Outlines of collars of sheath-material secreted (a) onto glass, and (b) at the 
surface of a milkweed stem. 


When the insect withdrew its rostrum from a mound of sheath-material, a 
tubular neck of the material was revealed, similar to that found on the external 
collar secreted on the surfaces of natural substrates. However, here the neck 
was extended on one side into a filament, which was probably formed by material 
forced up round the stylets and farther into the labial groove by the pressure 
generated within the mound during its formation. 


DEPOSITION OF A WATER-SOLUBLE SECRETION IN ARTIFICIAL 
SUBSTRATES 
When slides coated with 2:5 per cent agar containing 10 per cent sucrose were 
placed amongst either Oncopeltus or Dysdercus and were subsequently fixed in 
neutral formol, deposition of another type of salivary secretion, distinct from the 
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sheath-material, became apparent on staining (Fig. 3). With safranin and light 
green, the secretion appeared as safranin-staining reticulations of definite outline, 
except where continuous with an area of total absorption of the substrate by the 
insect. Here the reticulations became broken and dispersed, consistent with the 
partial resorption of the secretion. When the slides were immersed for 5 min in 
0-1 per cent toluidine blue and dehydrated by passing through alcohol, the 
reticulations appeared dark blue on a ground-colour of purple within the boundary 
of the reticulations; and when the slides were air dried after staining and passed 
straight to xylene for clearing, the masses were finely granular and everywhere 
purple. 

‘The material was never present in slides on which the insects had not attempted 
to feed, and it was always deposited within the film. It could not be demonstrated 
in unfixed slides by any of the staining methods described above, indicating that 
the secretion was soluble in water; nor could it be found after immersion of the 
slides in Carnoy’s solution. Further, the masses corresponded in shape and size 
to areas of the substrate absorbed by the insect. 

In sucrose-agar substrates, the discharge of watery liquid was occasionally 
visible at the moment when the stylets first emerged from the base of a mound 
of sheath-material secreted onto the glass beneath; and the emission of a watery 
secretion could also be observed if the stylets broke the surface during their 
movement through the medium; but otherwise the secretion of the water-soluble 
material was difficult to observe directly, since the refractive indices of the secre- 
tion and substrate were too similar. However, when 5 per cent wet weight of 
homogenized peanut was added to 2-5 per cent agar, the resulting medium, on 
which the insects fed readily, permitted direct observation of the secretion into 
it of both types of saliva. It was observed that in such a substrate Oncopeltus 
would make several stylet-channels, which were initially left filled with a watery 
liquid, and that eventually the stylets would begin to return to previously made 
channels and suck back their contents; and since holes pricked in the medium 
with a fine pin always remained empty, it was clear that the liquid initially left 
in the channels was secreted by the insect. All the channels made at one feeding 
remained open throughout, and columns of liquid left in them could be observed 
moving backwards and forwards as the insect’s stylets made corresponding move- 
ments in some other part of the system. 


ABSORPTION OF NUTRIENTS FROM ARTIFICIAL SUBSTRATES 
When Oncopeltus fed on a sucrose-agar gel which contained a fine suspension 


of Chinese black, removal of the particles indicated where materials were absorbed 


from the substrate and also left a record of the paths taken by the stylets (Fig. 5). 
It was found that the clear areas did not always coincide with a breakdown of the 
physical structure of the substrate and therefore that, in sucrose-agat media, total 
absorption or disruption of the substrate gave an inadequate indication of the 
absorption of nutrients (see Fig. 3). It was also confirmed that absorption could 
take place far removed from deposits of sheath-material. 
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To determine the absorption of different components from a complex food source, 
peanut-agar slides were given to Oncopeltus and the following techniques were used to 
demonstrate the food materials remaining: 

Protein. The slides were immersed in Millon’s reagent overnight at 20°C. Protein in 
the film stained orange-red, and the sheath-material a brilliant cherry-red. 

Oils and Fats. A saturated solution of Sudan Black B or Sudan III in 70 per cent 
alcohol was used to reveal oil droplets. ‘The sheath-material stained slightly with both. 

Starch. The slides were immersed overnight in lactophenol containing 0-01 per cent 
iodine. Starch grains stained purple and the sheath-material yellow. 


In peanut-agar substrates, absorption always produced partial breakdown of 
the structure of the medium, accompanied by the removal of protein and starch. 
Oil droplets of the order of 10 in diameter were dispersed throughout the 
medium, but in areas of general absorption, large droplets up to 0-1 mm across 
were found, and material which stained strongly with the Sudan stains was 
occasionally found in the central canal of mounds of sheath-material. It was noted, 
as before, that many of the starch grains in the substrate were either larger than 
the food-canal of the insect’s stylets, or of the same order of diameter, and that 
breakdown of the grains appeared to be essential before they could be removed 
from the substrate by the insect. 


SEPARATE COLLECTION OF THE SALIVARY SECRETIONS 

‘To collect sheath-material in quantity and free of other substances, saturated 
sucrose solution was poured onto a microscope slide and left to dry and harden. 
When crystals had begun to form, the slide was placed in the insects’ rearing 
dish for 24 hr; the sucrose was then washed away leaving mounds of sheath- 
material cemented to the slide. 

It was not found possible to extract the watery secretion which had been 
discharged within agar substrates; and although a watery saliva is also secreted 
by the insects against any surface with which the tip of the rostrum makes contact 
(Mies, 1958b), after about 0-5 mm* had been accumulated by placing the rostrum 
in a capillary tube, the insect would suck the secretion back again. However, it 
was found that the discharge of watery saliva was elicited and augmented when 
chemoreceptors on the fore tarsi and tips of the antennae were stimulated with 
dilute acetic acid, and if, at the same time, the insect was secured with the rostrum 
extended, a capillary tube could then be used to take up the drops as they exuded. 
The secretion thus obtained did not coagulate, was soluble in water, and was 
shown to contain amylase by the method of Pickrorp and Dorris (1934). There 


was thus no reason to suppose that it differed from the watery and water-soluble 


saliva which was secreted within agar media and appeared to break down starch 
grains. 
DISCUSSION 
The nature of the salivary secretions of Hemiptera 
Early writers (e.g. Perri, 1908, 1909; Suir, 1926; PAINTER, 1928) generally 
believed that the stylet-sheath associated with the feeding of phytophagous 
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Hemiptera was precipitated from the contents of the plant cells by the insects’ 
saliva, and this view permitted the assumption that the secretion was of the 
watery type normally associated with salivary action. However, once observations 
had been made on the feeding of the insects on artificial substrates, it became 
apparent that the stylet-sheath was produced solely by a salivary secretion which 
coagulated rapidly as it left the stylets (Fire, 1932; BENNETT, 1934). Such a secre- 
tion seems an unlikely vehicle for the digestive enzymes known to be elaborated 
in the salivary glands of Hemiptera (Zweiceit, 1915; Baptist, 1941; Nuorreva, 
1954); yet Srorey (1939) was certain that only coagulable material issued from 
the stylets of the Jassid, Cicadulina mbila Naude, and that a water-soluble sub- 
stance diffused into liquids from the gelling mass at the moment of ejection; and 
although Day ef al. (1952) believed that two different salivary secretions were 
produced by another Jassid, Orosius argentatus (Evans), they were unable to 
demonstrate this conclusively. Capsids unquestionably secrete a watery saliva, 
since some of this is deposited on the surface of the host plant (Smiru, 1920). 
But these insects produce no stylet-sheath and their manner of feeding is atypical 
of the phytophagous Heteroptera generally (GoopcuiLp, 1952); and although 
SMITH (1926) described a material, deposited by Capsids in their host plants, 
which stained similarly to the sheath-material of other Hemiptera, he did not 
recognize it as a separate salivary secretion, and GoopcHILD made no mention of 
such a substance in his comprehensive work on the feeding of cacao Capsids. 

In a previous paper (Mites, 1958b), it was reported that various Heteroptera 
dab surfaces with a watery saliva which is immediately sucked back again; and 
the present work has demonstrated that, in Oncopeltus and Dysdercus, this secretion 
is distinct from stylet-sheath material, and that the watery saliva is also ejected 
within substrates which the stylets have penetrated. These results make it 
probable that at least most of the phytophagous Heteroptera produce both salivary 
materials as distinct secretions and are in keeping with the observations of Day 
et al. on Jassids within the Homoptera. 


The secretion of saliva by Oncopeltus 


The watery saliva secreted by Oncopeltus and Dysdercus during feeding could 
have a simple leaching function in such a medium as a sucrose- agar gel, but in 
the case of Oncopeltus feeding on peanut, the secretion also seems capable of 
the extra-intestinal digestion of starch. In either capacity, it is unlikely that the 
secretion could act instantaneously, and Baptist (1941) even concluded that the 
salivary amylases of Hemiptera were too slow-acting to effect the extra-intestinal 
digestion of starch. It is therefore significant that Oncopeltus, in sucrose-agar and 
peanut-agar, leaves deposits of watery saliva, some of which are sucked back 
later. 

Nevertheless, there is no evidence that deposits of watery saliva are left in 
milkweed stems, and observations on the feeding of Oncopeltus on sucrose solu- 
tions suggest that the insect may modify its method of extracting nutrients from 
different media according to their nature. Thus when the rostrum is in contact 
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with a saturated sucrose syrup, the secretion and sucking back of watery saliva 
can be readily observed, whereas when the rostrum is in a dilute sucrose solution 
which contains visible particles (e.g. of Chinese black), these show an uninter- 
rupted streaming of liquid into the stylets. It is possible to reconcile these 
observations by assuming that during feeding the flow of liquids up the food- 
canal inhibits the ejection of watery saliva, which is thus secreted only when the 
medium is solid, or too viscous, or contains too high a proportion of particles 
which cannot be accommodated by the canal; and this assumption may incident- 
ally explain the apparent discrepancy between the observations of Storey and 
of Day et al. on the nature of the salivary secretions of Jassids. 

On the other hand, if the secretion of watery saliva is always accompanied by 
sucking activity, it is necessary to consider how deposits of the secretion accumu- 
late in food materials. It seems unlikely that the watery saliva is always secreted 
at a greater rate than it can be sucked back, but two other possibilities exist. In 
the first place, watery saliva may diffuse into the surrounding food material so 
that it cannot be reclaimed by the insect until the material is rendered more 
fluid by the action of the secretion or, in the case of agar gels, until prolonged 
stylet-activity results in the disruption of the medium. Secondly, when the stylets 


have forced a passage in a medium which is of such a consistency that the 


stylet-channel does not collapse when the stylets are withdrawn, or when the 
collapse of the channel is prevented by the presence of a stylet-sheath, the insect 
may not be able to exert sufficient suction to remove the watery saliva secreted 
into the channel during withdrawal of the stylets. This explanation would meet 
the conditions found in peanut-agar gels, in which it has been observed that 
watery saliva is left in the stylet-channels initially. Further, retraction of the 
stylets in this and other agar media has been observed to take place in two ways; 
during the early stages of stylet-activity, retractions are gradual and characterized 
by small backward and forward ‘pumping movements’ of the stylets, whereas 
in the later stages, retractions are usually rapid, continuous backward movements 
(Mites, 1958a). It is therefore reasonable to suppose that during the first, gradual 
withdrawal of the stylets from a newly-made channel, saliva is secreted into it; 
that when the stylets later return to the channel, the contents are ingested as 
they are displaced by the stylets; and that during the final, continuous with- 
drawal, even if watery saliva were secreted, little would be left behind because of 
the rapid movement of the stylets. 

In Oncopeltus, the secretion of sheath-material and the form of the sheath 
are also dependent on the nature of the medium with which the stylets make 
contact. When the insect attempts to pierce glass, a mound of sheath-material 
accumulates; when it feeds on peanuts, the sheath is thick but does not accompany 
the stylets for the full length of their penetration; when it feeds on milkweed 
stems, the sheath is of the type normally associated with hemipterous feeding, 
viz.: a relatively thin tube enclosing the entire stylet-path; but a sheath is rarely 
produced in agar gels, and never in liquids. A possible explanation of these 
observations is that the secretion of sheath-material is elicited by resistance to 
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the passage of the stylets, but that the rate of flow of the secretion is uncontrolled 
and once the supply stored in the lumen of the gland is discharged, some time 
must elapse before an appreciable quantity is again available. However, it must 
be noted that Oncopeltus and Dysdercus differ from many Homoptera in not 
secreting a stylet-sheath in agar gel and liquids, and it may be that the resistance 
of water alone to the movement of the stylets is sufficient to elicit the secretion 
of sheath-material by the smaller phytophagous Hemiptera. 


The control of stylet-activity 

There is a close connexion between salivary function and stylet-activity in 
Oncopeltus. ‘The pattern of movement of the stylets determines whether deposits 
of watery saliva will accumulate, where they will accumulate, and whether they 
are subsequently resorbed; and the secretion of sheath-material occurs only 
during stylet-activity. No experiments were made to determine how stvlet- 
movement is elicited, but certain inferences, of value in elucidating salivary 
function in natural food materials, can be drawn from observations on the move- 
ment of the stylets in homogeneous media. 

It has been observed that a starved insect will sometimes force its stylets into 
polythene tubing for several minutes and to depths greater than 1 mm if chemo- 
receptors on the tarsi are stimulated by an adjacent drop of sucrose solution, and 
if the rostrum when it is swung down makes contact with the polythene. When 
this happens, movements of the head and rostrum indicate that stylet-activity is 
continuous until the stylets are eventually withdrawn. Movement of the stvlets 
is also extensive and almost continuous in sucrose-agar gel, but when the insect 
has pushed its stylets into saturated sucrose, no movement occurs for several 
minutes. Since it is unlikely that the insect can obtain any acceptable substances 
within polythene, contact with which will not alone elicit the feeding response, 
it appears that stylet-activity can occur in the absence of stimulation of the 
gustatory organ internal to the stylets. Whereas the fact that stvlet-movement 
does not at first occur in saturated sucrose suggests that inhibition of stylet- 
activity may result from stimulation of the gustatory organ by acceptable sub- 
stances. The movement of the stylets which can eventually be observed in 


1 sucrose could then be attributed to adaptation of the gustatory organ, 


Saturatec 
and this explanation would also cover the continuance of stvlet-movement once 
the stylets have penetrated a sucrose-agar gel, since the insect first spends several 
minutes leaching sucrose from the surface by dabbing it with watery saliva which 
is then sucked back. To account for the initiation of stylet-activity, it is only 
necessary to presume that, in the absence of inhibition, stylet-movement either 
automatically follows the extension of the rostrum, or that it is a separate stage in 
the feeding reaction which is elicited by stimulation of sensilla, e.g. at the tip of 
the rostrum. 

Deruier et al. (1956) have shown that the time taken for the gustatory organs 
of the blowfly to become adapted to sucrose solutions increases with increasing 
concentration, and it may be objected that when Oncopeltus feeds on saturated 


1 
4 
by 
— 
i. 


THE SALIVARY SECRETIONS OF A PLANT-SUCKING BUG 251 


sucrose, the gustatory organ internal to the stylets would be unlikely to become 
adapted before the insect has ingested sufficient to bring about the cessation of 
feeding. However, there is no reason to believe that the concentration of sucrose 
absorbed by Oncopeltus from saturated sucrose is particularly high, since the 
sugar is picked up in watery saliva which is sucked back immediately after it is 
ejected. 

Dernier et al. (1956) suggested that feeding in the blowfly continues only as 
long as sensory input from the chemoreceptors is maintained, and that feeding 
ceases when these organs become adapted. But adaptation of one set of gustatory 
organs in the blowfly does not cause the cessation of feeding if other organs 
continue to supply the necessary input. Oncopeltus will penetrate polythene and 
will also make a prolonged attempt to pierce a glass slide below a film of sucrose- 
agar gel when the coagulating sheath-material rapidly insulates the stylets from 
any external source of acceptable substances; hence it follows that if continuous 
sensory input from chemoreceptors is required to maintain feeding in Oncopeltus, 
such input can originate from sensilla other than those internal to the stylets, 


e.g. from the tarsal chemoreceptors or possibly from chemoreceptors at the tip 


of the rostrum. Thus, in the absence of sensory input from the gustatory organ 
internal to the stylets, feeding would cease only when the external chemoreceptors 
became adapted to the stimuli which initiated feeding. 

It was previously suggested (Mites, 1958b) that Heteroptera select the point 
at which they insert their stylets into a substrate by ‘sampling’ the substances 
picked up by watery saliva which is dabbed on to the surface and is sucked back 
again. However, if stylet-movement occurs only in the absence of sensory input 
from the gustatory organ internal to the stylets, the interesting possibility arises 
that the ‘sampling’ of surfaces continues until the gustatory organ becomes 
adapted, and that only then do the stylets begin to penetrate the medium. An 
incidental observation, that Oncopeltus after prolonged starvation (5-7 days) 
will attempt to pierce clean glass or polythene with little preparatory ‘sampling’, 
but will dab the surface of sucrose-agar gel for long periods before inserting its 
stylets, lends further support to this view. 

When stylet-movement does occur, it is evident from the tracks left in milk- 
weed stems and from the pattern of absorption in peanuts and artificial substrates, 
that the tip of the bundle tends to progress straight through the medium before it 
probes from side to side in a region near the limit of penetration; and that, if feed- 
ing continues, the stylets are then withdrawn for some distance and advance again 
in a new direction. 


The course of feeding in different media 

Comprehensive explanations of the course of feeding by Oncopeltus in the various 
media in which this has been observed can be put forward if the inferences out- 
lined above are utilized; viz.—that, during feeding, the secretion of watery saliva 
is inhibited by the flow of liquids up the stylet food-canal ; that the sheath-material 
is secreted when there is resistance to the passage of the stylets, but the rate of 
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flow is uncontrolled and only a limited amount can be secreted continuously; 
and that stylet-movement is inhibited by the presence of acceptable substances in 
the liquids sucked up the food canal, but the inhibition may cease due to adapta- 
tion of the gustatory organ involved. 

When the insect inserts its stylets into a peanut, watery saliva would be 
secreted since the cell contents are not sufficiently fluid to be sucked back in 
quantity; and if it is assumed that the gustatory organ internal to the stylets 
rapidly becomes adapted to the concentrations of acceptable substances which 
can be sucked back at this stage, while sensory input from the external chemo- 
receptors is maintained, the stylets would continue to advance into the medium. 
The hardness of the material may be expected to make the progress of the stylets 
relatively slow, and this would account for the production of the short, thick 
sheath, which ends before the stylets have completed their penetration and 
presumably because the insect’s immediate supply of sheath-material is exhausted. 
\s the stylet-bundle probes from side to side near the limit of its penetration, the 
tip would eventually come into contact with material rendered fluid by the action 
of the watery saliva. Stylet-movement and the secretion of saliva would then 
cease while this material was ingested. It is unlikely that adaptation to such 
concentrated and complex food material would occur for some time, and since 
any further movement of the stylet-bundle would be likely to bring the tip into 
contact with more, partially digested cell-contents in adjacent regions, the area 
of empty cells seen in microtome sections would eventually result (Fig. 2). Finally, 
feeding would stop and the stylets would be withdrawn when sensory input from 
all the chemoreceptors, both external and internal to the stylets, ceased through 
adaptation. 

In milkweed stems, the stylets apparently penetrate more quickly, and a thin 
and extensive stylet-sheath is formed. Watery saliva may be secreted as the 
stylets move through the parenchyma, but if progress is relatively rapid, no 
deposits would accumulate. When the stylets penetrate phloem vessels, since 
phloem sap is sufficiently fluid to be taken up the stylet food-canal unchanged 
(MutTLer, 1957), stylet-movement and the secretion of saliva would cease until 
the supply of sap diminished. The stylets would then move on to tap another 
phloem vessel, at the same time either extending or branching the stylet-track to 
produce the pattern of tracks seen in sections (Fig. 1). 

In sucrose-agar gel, if the gustatory organ internal to the stylets becomes 
adapted to the concentration of sucrose sucked back during the initial exploration 
of the surface, this would explain the extensive stylet-movement observed once 
penetration begins. ‘The medium itself does not apparently offer sufficient resist- 
ance to the stylets to elicit the secretion of sheath-material and a typical stylet- 
sheath is seldom produced, but the whole supply of material may be expended 
in an attempt to penetrate the slide beneath. ‘The insect is unable to suck liquid 
directly from the medium, and watery saliva would be secreted continually and 
diffuse into the medium where the stylets probe from side to side near the limits 
of their penetration in any direction. Prolonged stylet-action and sucking may 
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then cause sufficient disruption of the medium to result in the absorption of 
some areas of the gel (Fig. 3). In peanut-agar, the pattern of events is evidently 
similar, except that a typical stylet-sheath is more often produced, mostly at the 
edge of the film where it is drier than elsewhere, presumably because of the 
thicker consistency of the medium; and the stylet-paths are less extensive, 
possibly because the medium is a richer source of acceptable substances which 
inhibit stylet-activity as they are made available by the action of deposits of watery 
saliva. 

When the insect’s stylets are in saturated sucrose, the viscosity of the syrup 
prevents the insect from sucking it back unchanged, and watery saliva would 
therefore be secreted. Since the insect sucks back the saliva immediately after 
it is ejected, the concentration of sugar picked up by this means may not be 
very high; and it has been suggested above that, although the presence of the 
sugar would at first inhibit stylet-activity, the gustatory organ internal to the 
stylets may become adapted to the concentration ingested while sensory input 
from the external chemoreceptors continues, resulting in the stylet-activity which 
eventually occurs. Mounds of sheath-material would then be secreted where 
the stylets make contact with the glass surface below the syrup. 


The function of the stylet-sheath 


BisGen (1891), who correctly interpreted the stylet-sheath formed during the 
feeding of aphids as a secretion produced by the insects, suggested that it func- 
tioned as a support for the stylets; but Mitrier (1954) pointed out that the 
sheath is soft enough to allow the stylets to break through during branching of 
the track; and, in the case of Heteroptera, the suggestion is further discounted 
by the fact that Oncopeltus can penetrate peanut tissue and guide the stylets in 
agar gel without the aid of a stylet-sheath. ZweiGeLt (1915), who likewise identified 
the stylet-sheath of aphids as a salivary secretion, considered that it had more 
than a merely mechanical function. He presented evidence that the insect secreted 
a salivary ‘diastase’, and since he did not consider the possibility of there being 
two salivary secretions, he assigned a digestive function to the sheath itself. 
However, this would not seem to be tenable at least in the case of the Hetero- 
ptera. For other writers, who believed that the sheath was produced by the 
plant as a reaction to the feeding of sucking insects, the question of the function 
of the stylet-sheath hardly arose, and few further suggestions have been made. 
Sukuov (1944) claimed that the sheath secreted by Mysus persicae Sulz. is never 
open at the end, and that it acts as a filter which prevents viruses from entering 
the insect; but Oncopeltus and Dysdercus certainly absorb materials from the 
open end of the sheath or beyond it. 

The most convincing hypothesis of the function of the stylet-sheath is that 
put forward by Mitt.Ler, who suggested that the stylet-sheath of aphids prevents 
sap from exuding round the stylets to the exterior, where it would be lost to the 
insect. Such a suggestion would apply as well to other sap-sucking Hemiptera, 
and it is likely that, in the same way, the sheath would prevent the escape of 
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watery saliva injected into the stylet-channels and of food materials rendered 
liquid by the action of this secretion, especially when pressure is exerted by 
forward movement of the stylets. Moreover, the existence of an external collar 
of sheath-material which fits into the labial groove could be expected to make the 


sheath particularly efficient in preventing losses of this kind. 
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Abstract—The efficiency of the excretory svstem of the American cockroach was 


measured using a dye clearance test. Indigo carmine in aqueous solution was injected 


into the blood and the rate of its removal was checked by densitometric measurements 


of blood spots on filter paper strips. The results show that the rate of excretion is 


significantly changed by changes in temperature and that certain biologically active 


chemicals inhibit the rate of excretion. 


INTRODUCTION 
EXCRETION is a regulatory function in animals. By the activity of the organ 
of excretion the composition of the blood and tissue fluids which comprise 


the internal medium is maintained at a nearly constant level. Any factor that 
interferes with the excretory mechanism does so at the expense of the well-being 
of the individual. 


The principal organ of excretion of insects is a series of tubular structures 


called the Malpighian tubes. Their mode of operation has been investigated by 
perfusion (Patron and Craic, 1939), by observing the ability of the tubes to 
take up vital dyes (Lison, 1937, 1938), and by cannulation experiments in which 
the effluent was collected for analysis (RamsAy, 1952, 1954, 1955, 1956). In 
addition to the Malpighian tubes it has been shown that parts of the digestive 
tract have a regulatory function. ‘These are discussed by WATERHOUSE and Day 
(1953). 


METHODS 


In order to measure the excretory efficiency and to evaluate the effects of 


biologically active chemicals upon the excretory function, it was necessary to 


devise a method which would include the activity of all excretory systems in the 


individual and which would be less cumbersome than the techniques already 


established. ‘he procedure which resulted involves the rate of elimination of a 


vital dye from the blood. It has precedent in similar methods used for the same 


purpose in human physiology and medicine. Indigo carmine in a 2} per cent 


aqueous solution was injected into the pericardial cavity of the test insect adjacent 


to the dorsal vessel. Enough colour to the blood was given by 2}-5 pul to make 
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possible a measurement of the dye concentration with a photoelectric densito- 
meter. Indigo carmine was used in all of the experiments, but there is no technical 
reason to exclude the use of other vital dyes. Late instar larvae of the American 
cockroach were selected for all experiments. 

The injected insects were held for 30 min to allow the dye to mix with the 
blood. ‘This period could be shortened materially by physically shaking the 
insects either on an electric vibrator or manually. In either case the insect was 
enclosed in a test tube with padded ends. The treatment gave no indication of 
injury. Dyed blood samples were taken at hourly intervals on strips of Whatman 
No. 1 filter paper. Each sample was collected directly from a clipped antenna and 


absorbed in the centre of a black ring stamped on the paper with stamp pad ink 


using a one hole rubber stopper. ‘The size of the centre (the hole in the stopper) 
was selected to coincide with the area over which a microlitre of dyed blood 
would diffuse on the paper. By this method equal amounts of blood were collected 
without the use of a pipette. The principles of this method of measurement of 
volumes and an analysis of the reproducibility are described by Buck, KetsTeEr, 
and Zevie (1950). The amount of dye in the blood sample was determined by 
measuring the optical density of the dried spots with a photoelectric densitometer. 
The instrument was altered to include the entire spot in the illuminated field, 
and the black ring on the filter paper served as a mask to exclude extraneous light. 
This method of measurement of the quantity of dye proved to be nearly as accurate 
as measurements made with a spectrophotometer and was much less cumbersome. 

The results of the optical density measurements were plotted against time. 
This produced a rate curve describing the rate of elimination of the dye from 
the blood. Under normal conditions approximately 90 per cent of the dye will 
be removed during the first 5 hr. The first sample of blood drawn from the insect 
was used as a time zero reading and the densitometer was set to read at an optical 
density of 0-6 in each case. This made all subsequent readings relative and the 
rate curves are directly comparable. 

Individual variation among insects selected at random from a laboratory 
colony is high. An investigation of the factors involved indicated that the greatest 
deviations came from individuals at or near the time of a moult. At this time 
most of the physiological processes are badly upset. Variation can be reduced 
significantly by selecting individuals according to the specific gravity of the 
blood. Insects whose blood specific gravity falls within a predetermined norme! 
range will respond in a uniform manner. Specific gravity was determined quickly 
by the gradient column technique of Linderstrom-Lang as described by Lowry 
and Hunter (1945). 

When biologically active chemicals were used they were injected into the 
body cavities of the test insects 24 hr before the dye elimination measurements 
were made. This allowed the toxicants to exert their effect upon the organ func- 
tion before the dye elimination test. The level of dosage ranged between LD, 
and LD,». Water insoluble compounds were dissolved in acetone which did not 
affect the rate of excretion (Table 1). 
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Factors investigated include temperature, starvation, dehydration (withholding 
water for several days), hydration (water injected into the blood), and various 
biologically active chemicals. 


RESULTS 

(A) The normal rate of excretion of indigo carmine 

Injected insects held at room temperature (between 25° and 28°C) show a 
regular and reproducible rate curve which describes the excretion of indigo 
carmine. This is shown in Fig. 1. ‘The mean optical density and standard devia- 
tion of samples from 28 insects was 0-46 + 0-06 at 60 min (T',), 0-40 + 0-067 at 
120 min (T,), and 0-38 + 0-063 at 180 min (‘T, not shown in Fig. 1). ‘The normal 
Normal dye eliminat rote 


plotted as the mean bounded 
by the stondord deviction 


Optica! density 


#=0-46:0-:06 
¥=0-40t0-067 
¥2038t0-063 
(not shown ) 


Time, min 


Fic. 1. The rate of excretion of normal American cockroaches. 


range is defined by the mean optical density + the standard deviation. ‘These data 
have been reproduced by several technicians and by inexperienced students. 


(B) The effects of temperature, starvation, dehydration, and excess water 

An increase in temperature usually accelerates the rate of activity in poikilo- 
thermic animals and this is true of the rate of excretion. Insects were selected 
and held at temperatures ranging from 11°C through 40°C at approximately 5 
intervals. ‘This conditioning was maintained for 24 hr before the injection of 
the dye. The temperature was maintained throughout the experiment in each 
case. The resulting data indicate that the rate of excretion is slowed significantly 
at the lower temperatures, that it reaches a maximum at about 35°C, and that the 
rate of excretion is sharply reduced as the temperature is raised higher. The 
survival rate of the insects at 40°C is low. In Fig. 2 is shown the mean optical 
densities at 60 min plotted against temperature and the effect of temperature upon 
the rate of dye clearance. 

The factors of hunger, dehydration, and excess water injected at the level of 
10-20 per cent of the blood volume estimated on the basis of the weight-volume 
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relationship of YEAGER and Munson (1950) showed no significant change in the 
rate at which indigo carmine was cleared from the blood. 


30 


The effect of temperoture____ 
upon rate of excretion 
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100) 


Optical density ( » 


20 30 40 
Tempercture 


Fic. 2. The effect of temperature upon the rate of excretion. 


(C) The effects of biologically active chemicals upon excretion 

Selected larvae were injected with sub-lethal doses of a number of chemicals 
known to be biologically active and after a 24-hr waiting period the excretory 
function was evaluated. ‘The data were compared to determine the significance 
with a graphical Z-chart method using the pooled standard deviation and the 


TaBLe 1—THE COMPARISON OF THE RATES OF EXCRETION BETWEEN CHEMICALLY TREATED 
AND NORMAL INSECTS 


No. of Pooled Difference Significance of 
Chemical Dosage insects | standard between lifference 
deviation means 


077 09 Significant at 1, level 
063 O5 Not significant 
Os 03 Not significant 
075 02 Not significant 
063 O8 Significant at 5‘ 


Ethvlene glycol 
Acetone 
Sodium arsenite 
Nicotine 
Dinitro-ortho-cvyclo- 
hexyl-phenol 
DDT 

Parathion 
Chlordane 
Aldrin 
Heptachlor 
Dieldrin 
Isodrin 

Endrin 
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063 02 Not significant 
061 01 Not significant 
073 Ol Not significant 
045 Not significant 
06 Significant at 5°, level 
11 Significant at 1”, level 
Significant at 1°, level 
Highly significant at 
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difference between the means (SNEDECOR, 1937). These results are summarized 
in ‘Table 1. 
DISCUSSION 

These data show that the efficiency of the excretory system of the American 
cockroach can be evaluated in vivo by a relatively simple dye elimination method. 
Although measurements have been limited to the American cockroach, the tech- 
nique could be applied to other insects. It also should be possible to extend this 
method with the use of other vital dyes to assay the activity of sections of the 
Malpighian system in accordance with the observations of Lison (1937, 1938) 
that various parts of the tubes absorb dyes depending upon molecular structure 
and dissociation. 


The temperature response curve with a definite maximum and a sharp cut-off 
as the temperature is raised is interpreted to indicate that the excretory process 


in insects is secretory and that the system is energized by an oxidative enzyme 
system. Supporting evidence for this hypothesis is furnished by the observation 
that the Malpighian tubes of individuals treated with chemicals which inhibit 
the excretory function (i.e. ethylene glycol) lose their ability to reduce blue tetra- 
zolium (3,3’-dianisole bis 4,4'(3,5-diphenyl) tetrazolium chloride) in vivo. This 
reagent has a reduction potential of about —0-08 V, a correct range for the demon- 
stration of biological oxidation-reduction systems (COLOWICK and KapLan, 1957). 
The failure of the Malpighian tubes to reduce this compound is interpreted to 
indicate the inhibition of an oxidase system. The observation that DNOCHP, a 
compound which accelerates oxidative metabolism in all living organisms, signifi- 
cantly increases the rate at which the Malpighian tubes eliminate dye supports 
this concept. 

Very few of the biologically active compounds showed a significant effect 
upon the rate of excretion, therefore this is a vital function which must be con- 
sidered in mode of action studies. Dixon (1955) established that ethylene glycol 
is metabolized by the insect fat body to glycollic aldehyde and glycollic acid and 
that these are the active inhibitors of Malpighian tube action. Oxalate is not 
formed and oxalic acid does not show a significant inhibitory effect on excretory 
function. 

Of the insecticides only those of the cyclodiene series show significant activity 
(Table 1). In ascending order this starts with chlordane followed by aldrin, 
heptachlor, dieldrin, isodrin, and endrin. The latter virtually stops excretory 
activity and Malpighian tubes of insects treated with endrin are not capable of 
reducing blue tetrazolium. ‘These observations clearly indicate the need for 
further study of the enzyme systems in the excretory system as well as those 
associated with other vital functions as they are affected by biologically active 
chemicals. 

SUMMARY AND CONCLUSIONS 

The excretory efficiency of the American cockroach can be measured by a 

dye clearance method using indigo carmine. The rate of excretion in normal 
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insects is affected by temperature and shows a definite optimum with a sharp 
cut-off as the temperature rises. DNOCHP which characteristically accelerates 
oxidative metabolism increases the rate of excretion. Ethylene glycol and insecti- 
cides of the cyclodiene series show the greatest inhibition of the process. Com- 
pounds which inhibit the excretory activity also destroy the power of the Mal- 
pighian tubes to reduce blue tetrazolium. These data have been interpreted to 


indicate that excretion in insects is primarily a secretory process which is energized 
by an oxidative enzyme system which is still to be defined. 
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Abstract—A large, richly tracheolated, ‘Type II neurone occurs in the region known 
as the Biigel in the thoracic tympanic organs of many noctuid moths. This cell 


is the source of continuous and apparently spontaneous impulses in the tvmpanic nerve. 


The frequency of these impulses may be reversibly altered by stretching the sheath of 


tracheal epithelium which surrounds the Biigel and encloses the cell together with 


adjacent portions of the tympanic nerve. Although the B neurone is in close anatomical 


relation with the nerve fibres coming from the scoloparium, no direct interaction with 


the acoustic elements has been demonstrated, and the function of the cell remains 
unknown. 


OSCILLOGRAPHIC records of electrical activity in the tympanic organs of noctuid 
moths usually show a regular and continuous succession of uniform spikes (Fig. 4(a) ) 


somewhat greater in height than those of the acoustic impulses, and quite inde- 
pendent of acoustical stimulation (ROEDER and ‘TREAT. 1957). Similar spikes were 
recorded by HaskeLt and Be_ton (1956) from the notodontid Phalera bucephala 
Linn., but were interpreted as representing motor impulses of central origin. That 


the impulses are actually afferent is shown by their persistence after the nerve is 
severed from the ganglion. ‘They survive the destruction of the scoloparium which 
contains the acoustic sensilla, but are extinguished, along with the acoustic 
responses, when the nerve is divided central to the Biigel (vide infra), or when the 


Biigel itself is extensively damaged. In a few experiments these non-acoustic 
impulses have been abolished by minutely localized injury to the Biigel without 
extinguishing the acoustic response. 


The facts just stated led us to examine the Biigel region histologically. We 


found there a large Type II neurone which is evidently the source of the non- 


acoustic impulses. This cell does not appear in the figures or description of the 


Biigel given by Eccers (1919) or by other writers on tympanic structure. In many 


respects it resembles the neurone of the stretch receptors found in saturniid 
moths and other insects by FINLAYSON and LOWENSTEIN (1955, 1958). It does not 


* This work was supported in part by grants from the National Science Foundation and the 


U.S. Public Health Service. Some of the apparatus used was obtained under a previous contract 
between the Chemical Corps U.S. Army and Tufts Universit: 


* Special Research Fellow of the National Institute of Allergy and Infectious Diseases, 1956—! 
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appear to be associated with specific muscles or with other peripheral neurones 
save those of the acoustic sensilla. 

Anatomical relations. ‘The term Biigel was used by Eccers (1919) and by 
VON KENNEL and EcGers (1933) to designate two different structures which they 
regarded as analogous parts of the tympanic organs respectively of noctuid and 
of geometrid moths.* In both families, the parts in question are apodemal 
ingrowths of the skeletal frame of the tympanum, serving for the support and 


Fic. 1. Schematic drawing of right tympanic air sac and associated structures as seen 
from within the metathorax. A portion of the air sac is represented as cut away to show the 
Biigel, scoloparium, etc. Cf. photo, Fig. 3c. ATP, anterior tendon plate; B, Biigel; dl,, second 
dorsolongitudinal muscle of the metathorax; Ep, epaulette or nodular sclerite; L, ligament 
loosely connecting the scoloparium with the scutal phragma; PI PII, pockets I and II of 
the tympanic frame; 5S, scoloparium containing the scolopes and acoustic sensory cells; 
TAS, tympanic air sac; TM, tympanic membrane; Tr, tracheal twig from metathoracic 
spiracle; III Nib, tympanic nerve. The countertympanic membrane is not shown. 


attachment of one end of the scoloparium and its nerve. Since the structures 
occur in different segments and are quite different in form and skeletal relationships 
in the two families, there is no reason to suppose that they are homologous. The 
geometrid Biigel is provided with muscular attachments which may serve to 
depress it slightly and thereby to alter the tension in the scoloparium, though 
there is no experimental evidence that such action, if it occurs, has any effect 

* The Latin term stapes proposed by Kirtakorr (Bull. Ann. Soc. ent. Belg. 84, 231-276, 1948) 
is not widely used and is perhaps too suggestive of a non-existent resemblance to the ‘stirrup’ of 


the mammalian ear. Rather than confuse the literature with still another term, we have reluctantly 
made use of Eggers’ Biigel (German—stirrup, bent piece, bow). 
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upon acoustic sensitivity. ‘The noctuid Bijgel is without direct muscular 
connexions. ‘Typically it has the form of a lip or flange (Figs. 1, 2, 3c) extending 
downward into the tympanic air sac from the mouth of pocket I, an internal antrum 
in the dorsal frame of the tympanic membrane. In some species it is broad and 
leaf-like: in others it is long, slender, and elastic. It is lined with tracheal 
epithelium (Fig. 3d) continuous with that w hich forms the tympanic air sac and 


TR EPITH 
ScL 


Fic. 2. Schematic frontal section of left tympanic air sac and associated structures, 


redrawn with modifications from Eccers (1919). BAx, axon of Biigel cell; CTM, counter- 
tympanic membrane; EPID, phe nis (shown in embryonic condition to illustrate 
developmental relation to other structures); TR EPITH, tracheal epithelium; SCL, scleroti- 
zation. Other labels as in Fig. 1. Cf. Roeper and Treat, 1957. 


invests the acoustic scoloparium. ‘This epithelium also extends as a more or less 
flattened, elastic sleeve from the free tip of the Biigel across the lumen of the air 
sac to its inner, anterior wall. Through this sleeve pass the fibres of the tympanic 
nerve, including the two fibres from the scoloparium and a large fibre from the 
non-acoustic neurone (Figs. 1, 2), hereafter called the B neurone or B cell. 

The cell body of the B neurone lies between the epithelial covering of the 
Biigel and its skeletal surface, to both of which it is attached by branching tentacular 
processes (Fig. 3e) which in some cases appear nodular and inde ‘pendently nucleated 
(Fig. 3f). When the epithelial sheath is stripped from the Biigel the neurone comes 
away with it, much altered in appearance because of the detachment and contrac- 
tion of these processes. In the region of the neurone (Fig. 3d), the epithelial 
sheath contains many small, coarsely granular nuclei which often make it difficult 
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to see the neurone clearly. Rarely it has been possible to strip the sheath from 
the neurone, revealing a pear-shaped cell body that tapers at one end to a thick 
axon, and at the other bears a tangle of contracted ‘tentacles’ (Fig. 3a, b). ‘The 
structural relations of the cell to the Biigel and its sheath make it a difficult object 
for histological study. Attempts at sectioning have thus far met with little success, 
and much remains to be learned about the cytological details. For further descrip- 
tion see Fig. 3. 

The first and some of the best preparations were made by excising the 
tympanum 20-30 min after intravital injection with 1 per cent methylene blue, 
and dissecting out the Biige/ in saline containing a few granules of detergent 
pow der as a wetting agent. Staining of the tympanum after excision, by immersion 
in detergent saline containing 0-5-1 per cent methylene blue was also occasionally 
successful. Fixation of methylene blue specimens in saturated ammonium molyb- 


date followed by absolute alchohol gave some fairly good permanent preparations, 


though not without shrinkage and loss of some features evident in the fresh 
material. Phase microscopy was an aid to differentiation in both fixed and fresh 
preparations, though it was difficult to free the specimen sufficiently from 
extraneous tissue to give the thinness required for good phase contrast. 

The fresh B neurones from Pseudaletia unipuncta Haw., 3, had a cell body 
measuring approximately 45x20 yu, exclusive of the tentacular process, and 
tapering to an axon of 14 u diameter. In a Macronoctua onusta Grote, 9, the 
cell body when freed from tracheal epithelium measured 20 55 y, the axon 14 u. 
A constant feature of fresh preparations is a rich network of tracheoles ramifying 
to all parts of the cell body and to the proximal parts of the axon. ‘These become 
invisible with fixation. In many fresh methylene blue preparations, the central 
part of the cell contained a large, deeply staining oval body suspended in an 
envelope of clear fluid which is surrounded in turn by pale blue cytoplasm. Pressure 
on the coverslip would cause this body to glide to and fro within the clear space. 
Fixed preparations show a large nucleus in this region. 

For permanent preparations various methods other than methylene blue were 
also tried. Osmic acid (1 per cent) or an osmic acid and platinum chloride 
(Flemming-Hermann) mixture gave good differentiation after about a half hour’s 
exposure, though with considerable shrinkage. ‘entacular structures were usually 
better preserved in specimens injected with 10 per cent acidified formalin. Silver 
techniques were unsuccessful, chiefly because of the strong tendency of the 
tracheal epithelial cell nuclei to take up the stain. 

Because of the obscuring effect of the epithelial sheath, it was impossible in 
most preparations to determine the precise relation of the B neurone to the nerve 
fibres of the acoustic sensilla, which enter the sheath in close proximity to the 
B cell body. In a few instances, however, the acoustic fibres could be seen as thin 
strands that turn just within the sheath and thence run parallel to the much 
larger B cell axon (Fig. 3a). It would be difficult indeed to destroy the B neurone 
in a living insect without risk of damage to the acoustic fibres. For this reason, 
the fact that experimental damage to the B cell has usually been followed by a 
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diminution or disappearance of the acoustic response does not necessarily indicate 
a physiological interaction. 

Taxonomic distribution. A B neurone has been found in every noctuid species 

examined. Histological preparations have been made from the following: 

Agrotis ypsilon Rott. 

Peridroma margaritosa Haw. 

Graphiphora c-nigrum Linn. 

Pseudaletia unipuncta Haw. 

Sunira bicolorago Gn. 

Crymodes devastator Brace 

Macronoctua onusta Grote 

Amphipyra pyramidoides Gn. 

Prodenia ornithogalli Gn. 

Prodenia eridania, Cram. 

Catocala sp. 
Physiological evidence for the existence of the B cell has been obtained for most 
of the species listed above (exceptions: P. margaritosa and P. ornithogalli) and 
also for the following noctuids: 

Acronycta americana Harr. 

Lacinipolia renigera Steph. 

Metaxaglaea inulta Grote 

Septis arctica Boisd. 

Apamea americana Speyer 

’apaipema sp. 

Autographa precationis Gn. 

Catocala, 2 spp. 

Zale undularis Dru. 

Scoliopteryx libatrix Linn. 

Typical B cell activity has been recorded also in the arctiid Diacrisia virginica 
Fabr., in the notodontids Nadata gibbosa A. and S. and Pheosia rimosa Pack., 
and in the geometrid Tetracis crocallata Gn.* 

\t the suggestion that the B cell might represent a sensory element having no 
necessary relation to the acoustic organs as such, and therefore perhaps even more 
widely distributed among the Lepidoptera, we recorded electrical activity in the 


noteworthy that the recordings from the notodontids show acoustic responses in a 


‘only, in contrast to the two fibres evident in the records from Phalaenid This experience 
that of HaskeLt and Betton (1956) with Phalera, the genus used by Eccers (1919) to 
he Notodontidae in his histological studies of the scoloparium. EGGErs was able to find 
; in Phalera, a circumstance which he explained by the suggestion that a second 
the single one visible in his preparatior From the physiological evidence 


that the Notodontidae actually possess only a single sensory element in their 


ords from Tetracis crocallata are believed to be the first from an abdominal tympani 
organ in Lepidoptera. They show a degree of complexity consistent with the four scolops known 
to occur in the geometrid tympanum, but it has not been possible to identify individual spikes as 


representing particular cells. 
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Fic. 3. (a) Prodenia ornithogalli Gn., 4. Fixed methylene blue preparation showing 
portion of Biigel with B cell (centre) and portion of nerve entering (below) from scoloparrum 
and turning leftward to accompany axon of B cell. The cell in this species appears fusiform, 
with a single, tapering tentacular process (right). This and all other photographs were 


taken using phase contrast microscopy. (b) Peridroma margaritosa Haw., Fixed methy- 


leme blue preparation howing branched tentac ular Processes ot B cell Ivrotts vpstlon 
Rott., Flemming-Hermann preparation, unstained, showing portion of right tympanum 
Cf. drawing, Fig. 1. The B cell appears as a dark streak obliquely crossing the ventral 
margin of the Biigel. The faint streak extending thence ventrally is the tvmpanic nerve 
(d) Detail of (c) above, showing nuclei of tracheal epithelial cells partly obscuring the B cell. 
Fibres from the scoloparium enter from below, mght. (e) Prodenia eridania Cramer, ¢. 
Flemming-Hermann preparation, unstained, showing B cell (left centre), nuclei of the 
two acoustic sensory cells (below right centre) and fibres leading from them to Biigel. Faint 
streak extending to extreme right from bend of acoustic fibres is the ligament. Cf. drawing, 
Fig. 1. (f) Pseudaletia unipuncta Haw., 3. Formalin injection followed by Flemming- 
Hermann fixation. Portion of Biigel under oil immersion, showing nucleated tentacular 


processes of B cell 
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Fic. 4. Electrical activity in the tympanic nerve of noctuid moths. (a), Catocala sp. 
‘Tympanic organ intact. Brief acoustic response to a pure tone of 26 ke sec, 0-1 V. The 
frequency of the B fibre impulses is unaltered during the acoustic response. The larger 
spikes of the B fibre extend above the envelope created by the A fibre response. (b), The same 
specimen. No acoustic stimulation. The frequency of the B impulses is being altered by 
manipulation of the Biigel membrane through the opened air sac. (c), Prodenia eridania. 
Continuous exposure to a pure tone of 50 ke sec. The partially adapted acoustic response is 
somewhat irregular while the B impulses recur with their usual regularity. (d). The same 
during periodic manipulation of the skeletal frame of the tympanum. The mechanical 
distortion causes changes in the frequency of A and B spikes that are in phase. (e), Catocala 
sp. Manipulation of the Biigel membrane with a fine needle during exposure to a continuous 
pure tone. The partially adapted acoustic response shows changes in frequency as in figure 
(b) above. (f), Time calibration for all records: 100 pulses sec. 
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homologue (IIIN1b) of the tympanic nerve in three atympanous moths. Two of 
these were sphingids and one was the citheroniid Anisota rubicunda Fabr. In 
none was any afferent activity observed. 

From the above evidence it seems reasonable to conclude that the B neurone ts 
a characteristic feature of the tympanic organs of noctuid moths, and perhaps 
also of geometrids as well. 

Physiology. ‘The apparently spontaneous, continuous, and more or less regular 
discharge of impulses here attributed to the B neurone has been described in a 
previous publication (Roeper and ‘Treat, 1957), although at that time the source 
of these impulses was not known. ‘The frequency varies from 3 or 4/sec to about 
300/sec in different preparations, but in any one preparation tends to remain 
constant for long periods. The rate most commonly observed is 10 20 impulses sec 
(e.g. Fig. 4 (a), (c)). Rarely, an almost total absence of spontaneous discharge has 
been observed, and in these few instances (1 Prodenia eridama °, 3 Pseudaletia 
unipuncta °°) the acoustic sensitivity was as high as in other preparations. High 
B frequencies also accompanying normal acoustic thresholds are seen occasionally. 
The frequency of the B impulses was never observed to change during acoustic 
stimulation. In Fig. 4 (a) the tympanic organ is exposed briefly to a pure tone. 
The sequence of B spikes continues without change in frequency during the 
discharge of one of the acoustic fibres. ‘The records show no features which appear 
characteristic of individual species or of sex, nor are any diurnal rhythms sug- 
gested. When simultaneous records are taken from both right and left tympanic 
nerves while these are still connected to the pterothoracic ganglion, it is apparent 
that the B impulses from the two sides are not synchronized, and except for general 
similarity in discharge rate, are quite independent of each other. The impulses 
are not affected by decapitation. They occur in preparations having all central 
connexions intact. 

That the B cell is actually the source of these impulses was shown by the 
experiment of perforating first the tympanic membrane, then the Biigel sheath, 
and finally the cell itself with a KCl-filled glass micro-electrode. In this experi- 
ment, the head and legs of the moth were first removed, and an indifferent electrode 
was inserted into the abdomen. The moth was held by its upraised wings. When 
the electrode reached the B cell, trains of non-acoustic impulses were recorded, 
varying in periodicity w hen the electrode position was shifted slightly with the 
micro-manipulator. With the electrode so placed, no activity could be detected 
in the acoustic fibres, although the scolopartum was still intact. Similar results 
were obtained when the cell was approached from within the opened tympanic 
air sac in a hemisected specimen. 

Soon after the non-acoustic impulses were first noted, it was discovered 
(Roeper and Treat, 1957) that their frequency could be greatly and reversibly 
altered by deformation of the metathorax along the longitudinal axis (Fig. 4 (d)), 
or by any manipulation that would change the tension in the sleeve of tracheal 
epithelium ensheathing the tympanic nerve as it leaves the region of the Biigel 
(Fig. 4 (b), (e)). Stretching the sheath increases the impulse frequency, while 
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relaxing the tension reverses this effect. The B cell does not adapt to the altered 
tension, but maintains the altered rate as long asthe amount of stretch remains constant. 

In view of its sensitivity to stretching, and of its close anatomical relation to 
the auditory organ, it was tempting to suppose that the B cell might in some way 
affect acoustic sensitivity, perhaps in a manner analogous to that of the tensor 
tympani in the mammalian ear. With this possibility in mind we sought to 
influence the threshold for the acoustic response by various manipulations affecting 
the B cell. The results were equivocal. When changes in B frequency were 
brought about indirectly by deformation of the thoracic exoskeleton, some prepara- 
tions showed parallel and in-phase changes in the acoustic threshold. If the skeletal 
distortion was initiated when the acoustic units had reached a state of partial 
adaptation to a continuous tone, the A spikes could be made to recur at frequencies 
above and below their steady, adapted discharge rate (Fig. 4 (d)), while the B spikes 
underwent frequency changes in phase with those of the A spikes. On the other 
hand, when the nerve was stretched directly by movements of the electrode with 
the micro-manipulator, no change could be detected in the acoustic sensitivity, 
even when the discharge rate of the B cell was greatly increased (Fig. 4(e)). Since 
reflex pathways in these preparations had been interrupted by the sectioning of 
the tympanic nerve, it is clear that whatever changes were observed were the 


direct results of the experimental manipulations. 

We next tried to influence the discharge of the B cell by acoustic stimulation 
with clicks and pulsed sounds of varying intensity and periodicity. This gave 
only negative results. The repetition frequency of the clicks (and of the resulting 


volleys in the acoustic fibres) was adjusted to approximately that of the spon- 
taneously active B cell. This gave no evidence of coupling or of any interaction 
between the acoustic and non-acoustic units. 

If acoustic sensitivity is directly affected by the B neurone, it is in a manner 
too subtle for our methods of detection, although the possibility of an indirect, 
reflex effect has not been excluded. It has been pointed out above that the non- 
acoustic discharge is not affected by the destruction of the scoloparium, and that 
the acoustic response may survive the experimental inactivation of the B neurone, 
though with a reduced sensitivity which may reflect incidental damage to the 
acoustic nerve fibres. 

In seeking a clue to the function of the B neurone, we have tried a variety of 
experimental devices. These include a vibrating tilt table adjustable to various 
angles to test for gravitational and accelerational sensitivity, and a variable pressure 
chamber to test for barostatic function. No significant response to any of these 
influences was detected. Chilling, heating, and drying, exposure to light, to carbon 
dioxide, and to nitrogen caused only such changes as would be expected in any 
excitable cell. Preparations in which it was possible to manipulate the wing 
stumps failed to show significant changes in B impulse frequency in response to 
this procedure, but since the forewings and the entire mesothoracic dorsum with 
its associated flight muscles had been removed from such preparations it is im- 
possible to draw any conclusions from them as to what may take place during 
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flight. An electronic strain gauge applied to the thorax of moths during stimulated, 
stationary flight indicated an amount of thoracic displacement or deformation 
comparable to that required for changes of B frequency, though it is not known 
whether these distortions are in directions such as to produce a stretching of the 


Biigel sheath. Indeed, the structure of the tympanic organ seems adapted to the 
prevention rather than to the promotion of flight-induced distortions (‘TRear, 
1959). 

Akinesis or ‘death-feigning’ often follows rough handling in which temporary 


skeletal deformation might occur. Yet extensive damage to both scoloparium and 
Biigel does not in our experience regularly prevent the akinetic response, nor does 
it give rise to any other clear-cut behavioural deficiencies except for failure of the 
response to sound. Posture, alighting, and righting reactions are not conspicuously 
affected in tympanotomized moths, though for some hours flight may be less ready 
and less vigorous in such insects than in controls. Mating behaviour has not 
been studied following tympanotomy, but neither feeding nor egg laying is dis- 
turbed in any obvious way. Records of B cell impulses in late pupae and ‘pharate 
adults’ of Prodenia eridania show that the cell is at least potentially active at a 
stage when the tympanic air sac is still filled with liquid, and when flight, of course, 
is impossible. 

Discussion. Both its demonstrated sensitivity to stretch and its resemblance 
to known stretch receptors in other arthropods suggest that the B neurone is 
some type of proprioceptor. Its intimate relation to the auditory organ suggests 
a function related to that of hearing. Yet no physiological movement of a sort 
that would surely supply a stretch stimulus to the cell is known in the intact 
insect, and no evidence of relation to auditory function has been found. While we 
have no information regarding the pathways of B cell impulses within the central 
nervous system, it is possible that they might contribute to the maintenance or 
suppression of a central excitatory state, perhaps concerned with variations in 
responsiveness to acoustic or other stimuli. 

If, as is commonly supposed, the tympanic auditory organ represents the 
evolutionary adaptation of a primitively proprioceptive structure to an acoustic 
function, the intimate structural relation of the B cell to the tympanic organ might 
find a rational explanation even in the absence of a physiological interaction. It is 
even conceivable that the B cell might represent the relatively unmodified portion 
of the same ancestral structure which has also given rise to the scoloparium. A 
comparative study of the tetrascolopophorous abdominal tympanic organs of the 
geometrids and some other lepidopterous families might shed light upon this 
possibility. 
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Abstract—Flow birefringence properties of myosin B (natural actomyosin), myosin, 
F-actin, and synthetic actomyosin from honeybee thoracic muscle were investigated in 
detail with special reference to the interaction with adenosine triphosphate (ATP). 
The flow birefringence of insect actomyosin was very strong from the comparative 
biophysical viewpoint. The outstanding aspect of insect actomyosin is that the flow 
birefringence properties are not so sensitive to the action of ATP as seen in actomyosins 
from other animals. It is concluded that the interaction between myosin and actin 
exists to some extent in the presence of ATP. Based on the above-mentioned results, 


the characteristics of insect actomyosin are discussed in connexion with its physio- 


logical function. 


INTRODUCTION 

RECENT physicochemical studies on muscle suggest that the A’'TP-actomyosin 
system plays a fundamental role in muscular function from a comparative view- 
point (cf. Szent-GyOrcyi, 1951; Weper and Portzen., 1952: MarvUYAMA and 
Tonomura, 1957). Although insect flight muscle has a highly specialized function 
and structure (cf. Hopce, 1955; Puitporr and Szent-Gy6reyl, 1955), no marked 
difference has been observed between the physicochemical properties of insect 
actomyosin and actomyosins of animals belonging to different phyla (GILMOUR 
and CaLasy, 1953; Maruyama, 1954a, b, 1957b, 1958b). However, in a pre- 
liminary experiment it was found that the amount of flow birefringence of insect 
actomyosin was much larger than that of vertebrates and was relatively little 
affected by (Maruyama, 1957b). 

Since the classical work of Murat and Epsai (1930a, b), it has been well 
known that the actomyosin solution is strongly birefringent and ATP affects 
profoundly its birefringence properties (Dainty et al., 1944; BInKLEy, 1948). 
Recently we analysed the molecular mechanism of the interaction of rabbit myosin 
B with ATP, using flow birefringence (DRF) technique (NopA and MARuyAMA, 
1958a, b). 

Here a detailed work on the DRF properties of myosin B (natural actomyosin), 
myosin, F-actin, and synthetic actomyosin from honeybee thoracic muscle will 
be presented with special reference to the ATP effect on these proteins. 


* Biochemical Approach to Muscular Function in Insects. III. II in this series, cf, MARUYAMA 
(1957b). 
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MATERIAL AND METHODS 


Material 


In most cases, actively flying adult workers of the honeybee, Apis mellifera, 
were used as material. In a few cases, developing pupae and just-emerged adults 


were taken from the beehive. Details in handling the material were described in 


previous papers (MaAruYyAMA, 1957a, b; 1958b). For comparison, tail muscle of 
the cravfish (cf. MARUY AMA, 1958a) and the striated portion of adductors of the 
clam (cf. MARUYAMA, 1957c) were used. 


Preparation of proteins 


Natural actomyosin or myosin B was prepared as described before (Maru- 


YAMA, 1957b). ‘The protein solution, finally dissolved in 0-6 M KCI at pH 7 and 


clarified for 30 min at 12,000 G, will be referred to as ‘original sample’ in the 


text. Usually the original sample was suitably diluted and clarified for 1 hr at 


24,000 G. Unless otherwise stated, this ‘clarified sample’ was used for measure- 


ments. 

Myosin A was extracted according to the procedures of Szent-Gydrcy! 
(1945 ; 1951) (KCl-myosin), of HasseLpacn and Scunerper (1951) (PP-myosin) 
and of Szent-GyOrGy1 (1951) (KI myosin). The purification procedure was the same 


as for myosin B except that precipitation was effected by lowering the ionic strength 


to 0-05. Pure myosin was prepared from myosin B by the method of A. Weper (1956) 


(Weber’s myosin). Myosin B was centrifuged for 3 hr at 10° G in a preparative 
ultracentrifuge in the presence of 0-6 M KCl, 15 mM MgCl,, 0-02 M tris- 
hydroxymethyl-aminomethane (Tris) buffer, pH 7, and 5mM ATP. After centri- 


fuging, the upper four-fifths of the clear supernatant was carefully pipetted away 


and used as the myosin solution. The remainder was decanted into a test-tube 


and also tested for the DRF assay. 

Actin was prepared according to the method of Barany ef al. (1957) without 
previous extraction of myosin. Muscle suspension was washed with 0-04 per 
cent NaHCO, and 0-01 M ethylenediaminetetraacetic acid (EDTA). Well-washed 


muscle residue was treated with acetone four times. The acetone powder was 


extracted with pure water and the extract was clarified by centrifuging for 1 hr 


at 24,000 Gc. The clear yellowish supernatant was used as G-actin solution. 


G-actin was transformed into F-actin by adding KCI and MgCl, to final concen- 


trations of 0-1 M and 0-1 mM, respectively. 


To make synthetic actomyosin, ATP-free myosin was combined with F-actin 


in the standard medium. 


Flow hirefringence tests 


Measurements for flow birefringence were carried out in a flow birefringence 


apparatus (Rao Instrument Co. Model A-2) at 20-21°C, using a teflon cell. The 


procedure was exactly the same as that described by Nopa and Maruyama 
(1958a). The test solution consisted of 0-6 M KCI, 0-02 M Tris buffer (pH 7-0), 
1:5 mM MgCl,, and a given protein of appropriate concentration. 
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Two variables were measured as a function of the velocity gradient (G) over 
a wide range, the extinction angle (y) and the amount of flow birefringence 
(An). 

The relative value of flow birefringence will be frequently given as an angle 
in this paper (Murat and 1930b; cf. Cerr and Scneraca, 1952). 
The absolute amount of the flow birefringence (An) is easily calculated by multi- 
plying the A value by a factor of 3-51 x 10-* in the present study. 


Other tests 

Viscosity of any protein solution prepared in this work was always tested by 
usual Ostwald viscometers of high velocity gradients (mean value, more than 
1000 sec~') at 15°C. Viscosity of a highly diluted myosin B solution in the 
standard medium was determined in a capillary viscometer of mean velocity 
gradient of 100 sec~! at 20°C. 

ATPase tests were carried out as previously reported (Maruyama, 1957b). 


Protein concentration 
The protein concentration was determined by nitrogen analysis through 
micro-Kjeldahl procedure, using the factor of 6. 


Reagents 


ATP was purchased from the Sigma Chemical Co. as a crystalline sample. 


ATP was dissolved in water, neutralized to pH 7 with KOH and stored at —5°C. 
Just before use, the ATP solution was made up into 0-6 M KCI solution. Usually 
1-0 ml of the ATP solution (10 mM) was added to 9-0 ml of the experimental 
solution at 20°C and 1-0 ml of 0-6 M KCl alone was put into the control solution. 
Tris was the product of the British Drug Houses Co. ; Pyrophosphate (PP) was 


twice recrystallized. 


RESULTS 
MYOSIN B 
Molecular size 
The so-called myosin B or natural actomyosin extracted for 3 hr with Weber- 
Edsall solution and purified three times by the usual dilution-precipitation pro- 
cedure showed a strong flow birefringence at a very low velocity gradient. It was 
observed that the relationship between y and G at very low velocity gradients 
depends upon the protein concentration for concentrations as low as 0-05 per cent, 
Usually the protein concentration around 0-03 per cent was used for measure- 
ments. It is to be noted that no dilution effect, i.e. dissociation upon dilution, 
occurred even if placed overnight at 0°C in such a low protein concentration (cf. 
Jory et al., 1955 ; Hippe et al., 1958). 
In Fig. 1 is presented a typical result of y-G curve of insect myosin B 
at low G. We can obtain from this curve the rotary diffusion constant (@) at 
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0 by the following formula of Perertin anv Stuart (cf. Cerr and 
SCHERAGA, 1952). 
dy 
dG 
where y is expressed in degrees (°). 
about 0-4 sec™! 


sec 


The rotary diffusion constant at G = 0 was 
and upon addition of ATP it was slightly elevated to about 0-5 


(Table 1). The unclarified original sample showed somewhat smaller 


sec 


Fic. 1. Extinction angle ( x) of insect myosin B at low velocity gradients (G). 0-029 per 


control; @ @ : with ATP (1mM) 


TABLE 1—ROTARY DIFFUSION CONSTANT (0) AND EXTINCTION ANGLE 64) 
OF INSECT MYOSIN B 


Conditions: 0-6 M KCl, 0-02 M Tris buffer, and 1-5 mM MgCl,. 1 mM ATP, when added. 
pH 7-0; 20°C 


Preparation 


1200 


Average 


* G is given as sec™. 


| 
| 
35°} 
30°} 
| 
20° }— — | | | 
o 2 3 @ 6 8 9 0 
VTP L ATP 
4 
Z j x 
G =0* 100 1200 G =0 100 
(sec ) { ) (s 
0-4 9-8 56 | 10-8 7:2 
4 5 2 
| 2 0-5 11-3 6:2 0-6 13-4 8-0 
3 10-3 5-2 0-4 11-8 7.9 
4 0-4 100 | 0-5 12-3 7-3 
; 5 0-6 10-8 6-0 0-7 12-2 8-0 Ake 
0-44 10-4 5-6 0-54 12-1 7-6 
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6 values: 0-25 and 0-30 sec! with and without ATP.* However, in this case the 
x-G curve was not reversible upon shear stress: after being subjected to G up 
to 2000 sec~', x at low G was irreversibly increased, although the change was 
smaller in the presence of ATP. At high G, y was greater than the value of the 
clarified sample (cf. Fig. 11). Possibly in the original sample a larger size of mole- 
cules may be broken by shear stress. 
At high G, x was also slightly, but definitely raised with ATP (5°-7° at G - 

1200 sec~"), as shown in Fig. 2. This increase in y with ATP is not so pronounced 
as in rabbit myosin B (Nopa and Maruyama, 1958a, b). 


Fic. 2. Extinction angle (x) of insect myosin B at a wide range of velocity gradients (G). 
0-031 per cent; control; @—— @ : with ATP 


The rotary diffusion constant (@) is very sensitive to the length of molecules 
of a high degree of asymmetry. If we know @ and the axial ratio of any rigid 
prolate ellipsoid, we can easily calculate the molecular length by the following 
formula of Perrin (cf. Cerr and Scueraca, 1952). 


3kT 2a 


a* = —1+2In 


b 


In this formula a and 6 are the semi-axes of the molecule, 7, is the solvent viscosity, 
T is the absolute temperature, and k& is the Boltzmann constant. It is a very 
difficult task to determine the axial ratio of a macromolecule of a verv high degree 
of asymmetry such as actomyosin. As tentatively adopted by many workers in 

* The anomalous behaviour of x-G relationship observed in the unclarified sample of rabbit 
myosin B (Nopa and Maruyama, 1958a) was not observed in the insect, although an aggregate 


formation was observed to take place with ATP, if temperature was raised from 0°C to 20°C after 
the addition of ATP. 
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this field (Meni, 1940; ‘TonomuraA and Matsumiya, 1958; Nopa and MArRuYAMA, 
1958a), an axial ratio of 100 is used here. At given G, @ can be calculated from the 
table of EDSALL et al. (1951). 

The rotary diffusion constants of insect actomyosin at various G are given 
in Table 2. They distributed from 0-6 to 12 sec~' and 0-7 to 17 sec~! with and 
without ATP, which correspond to molecular lengths of 3-3—1-2 yu, and 3-0-0-9 


TABLE 2—ROTARY DIFFUSION CONSTANT OF INSECT 
MYOSIN B AT VARIED VELOCITY GRADIENTS 


Velocity | Rotary diffusion constant (sec) 
gradient 
(sec”') Control | 


0 0-63 | 

5 0-77 0-85 0-73 

10 1:16 | 1:19 1-14 

50 2-08 | 2:90 2°50 
100 300 | 3:70 | 3-70 
200 3-75 | 5-89 6°38 
500 | 6-0 9-2 | 11-2 
800 9-6 13-6 16-2 
1200 | 12-6 192 | 23-5 


| | 


Conditions as in Table 1. The concentration of ATP or PP was 1 mM, when added. 


with and without ATP. This distribution is similar to rabbit actomyosin (3-0- 
10 (Nopa and Maruyama, 1958a; ‘ToNomura and Matsumiya, 1958). 


Flow birefringence 
Intensity of flow birefringence was also a little affected by ATP: it was only 
decreased by some 20-30 per cent up to 10 sec~! and at more than 100 sec~? no 


TABLE 3—FLOW BIREFRINGENCE OF INSECT MYOSIN B 


Flow birefringence (An)* 
Preparation 


No. | -ATP +ATP 
G=5/| 10 | 100 | 1200 | G=5)| 10 | 100 1200 
1 | 101 | 157 | 272 | 369 | 81 117 | 257 | 363 
2 95 | 134 | 220 | 311 | 77 | 103 | 182 | 297 
3 | 79 | 115 | 217 335 | 64 96 | 195 | 341 
3 104 | 139 | 242 | 342 | 75 106 | 209 | 339 
5 | $7 133 | 213 320 | 65 104 | 202 | 337 
| | 
Average 93 | 135 | 234 | 335 | 73 | 106 | 210 | 340 


* An is given as 10~* per 0-1 per cent protein solution under the conditions as in Table 1. 
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significant decrease was found (Fig. 3). In fact it was frequently observed that 
An somewhat increased with ATP at G = 1200 sec~! (see Table 3 and Fig. 3). 
On the other hand, PP was more effective than ATP in lowering An of insect 
myosin B (Fig. 3). 


| 
| 
| 
| 


1000 


G, sec 


Fic. 3. Flow birefringence (An) of insect myosin B at a wide range of velocity gradients (G). 
0-031 per cent; : control; @ :1 mM ATP; @ : 1 mM PP. 


The effect of 0-5 M KI in addition to 0-1 M KCl was very remarkable on the 
DRF properties of insect myosin B. Whereas An of an original sample was 292 x 
10-§ at G = 1200 sec™', it was lowered to 50 with KI (280 with ATP). The extinc- 
tion angle was elevated from 6-7° to 25° (8-3° with ATP). The rotary diffusion 
constant in the presence of KI ranged from 100 to 1000 sec~! at velocity gradients 
from 500 to 4000 sec~'. Here again the KI effect was not so tremendous as in 
the rabbit (cf. Nopa and Maruyama, 1958a). 


MYOSIN A PROCEDURES 
KCl-myosin 
Short extraction of muscle with Weber-Edsall or Guba-Straub solution 
always yielded proteins of myosin B type in accordance with the results of 
GILMowR and CaLaBy (1953) on locust muscle. 


PP-myosin 


HASSELBACH-SCHNEIDER’S procedure (1951), using PP, also yielded myosin B, 
the viscosity of which was greatly reduced with ATP, although the specific 
viscosity itself was considerably lower than that of 3 hr-myosin B (‘Table 4). 
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PP-myosin A showed similar flow birefringence properties to myosin B. An per 
unit protein concentration is comparable; 6 at G= 0 is near 0-3 sec-!. ATP 
somewhat increased 6. On the other hand, An was not appreciably lowered with 
ATP; one sample of three showed an appreciable increase in An at all G tested 
in the presence of ATP. The latter fact was never encountered in myosin B. 
‘TABLE 4—VISCOSITY DATA OF MYOSIN A AND B FROM HONEYBEE 
THORACIC MUSCLE 
Conditions: 0-6 M KCl; pH 7-0; 15°C 


Preparation y ZATP | ATP sensitivity 


per cent 
KI-myosin A 38 0-136 2 


PP-myosin A, 24: 0-121 100 
0-093 150 


Myosin B, 2 180 130 
170 120 

180 110 

175 130 

; 175 120 

Average | 3 0-176 124 


KI-myosin 
It was found that the only way to extract a solution of myosin directly from 
honeybee thoracic muscle was to use 0-6 M KI as the extracting medium (A, G. 


45°} 


| 


3000 4000 


Fic. 4. Flow birefringence properties of insect KI-mvosin. 0-1 per cent; ) : control; 


e @ : with ATP. 
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Szent-Gy6reoy!, 1951). The Kl-myosin showed no detectable viscosity change 
on addition of ATP. ‘Table 4 summarizes the viscosity data of several kinds of 
myosin A and myosin B preparations from honeybee muscle. Here the ATP 
sensitivity of WeBerR and PortzeHL (1952) was adopted: 

ITP 


ATP sensitivity 


100 


i7TP 


Z, viscosity number = In 7 rel/C; C is the protein concentration given as g/l.; 
ZA'TP, viscosity number in the presence of ATP. 

The flow birefringence properties of K1-myosin are quite different from those 
of PP-myosin or myosin B. As is seen in Fig. 4, An per unit protein concentration 
was very low at low G and increased proportionally to G up to 3000 sec~'. ATP 
gave negligible effect on the An-G relationship. Furthermore, y-G relationship 
was anomalous; at lower G, y showed a low value and increased significantly in 
increasing G up to 2500 sec~'. ‘This fact is understood by assuming that a minute 
amount of larger particles, possibly actomyosin, contaminated the preparation. 
This was supported by the fact that ATP appreciably raised y values at G lower 
than 2000 sec~! (Fig. 4). 


Weber's myosin 
Pure myosin was separated from myosin B according to the method of A. 
Weser (1956). A 0-3 per cent solution of myosin B was centrifuged for 3 hr at 


45° 


2000 


G 


Fic. 5. Flow birefringence properties of insect myosin separated from myosin B. 0-1 per 


sec 


cent; extinction angle (y) , * 3; flow birefringence (4) , 4. Different symbols show 
different preparations. 
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100,000 G in the presence of ATP. The water-clear solution of the upper super- 
nate contained about 0-1 per cent of protein. The y-G relationship was relatively 
homogeneous, giving a @ value of 2300 sec-! at G = 0 (Fig. 5). The An-G curve 
was similar to that of KI-myosin, giving a An value of 25 x 10-8 at G = 1200 sec 
per 0-1 per cent solution, which is in accord with the value obtained with rabbit 
myosin within the experimental error (NopA and Maruyama, 1958a). The 
length of insect myosin is rather uniform: 2000 A-1700 A was obtained (Table 5). 


TABLE 5—ROTARY DIFFUSION CONSTANT (8) AND APPARENT LENGTH 
(2a) OF INSECT WEBER’S MYOSIN AT VARIOUS VELOCITY GRADIENTS (G) 


| | 

G | 6 | 2a 
(sec"') | (sec?) | (A) 
0 2300 =| «2000 
1000 | 2500 | 1960 
2000 | 3100 | 1810 
3000 | 3300 1780 
4000 3600 1720 


The length of rabbit myosin was 2200 A at G = 0 (Nopa and Maruyama, 1958a: 
JOLY et al., 1955). 

This fraction was dialysed to 0-6 M KCl, pH 7, for 48 hr, changing frequently 
the surrounding medium. After the added Mg and ATP were almost completely 
removed, the protein was tested for ATPase activity. ‘The results for the ATPase 
assay are summarized in ‘Table 6, which shows typical ATPase properties of 


TaBLe 6—ATPASE ACTIVITY OF INSECT WEBER’S MYOSIN 


Conditions: 3 uM ATP, 0-6 M KCl, 0-02 M Tris buffer and 0-4 mg 
protein. Total volume, 1:5 ml. Incubated for 5 min at pH 7-0 and 20°C 


Addition ME P liberated 
Control 2-0 
1:5 mM MgCl, 1:8 
1:5 mM MgCl, mM CaCl, | 1-4 
1-5 mM CaCl, 
3mM EDTA 50-0 


myosin. It should be noted that insect myosin splits only the terminal P group 
from ATP. The activity level itself was considerably higher than that of the 
corresponding myosin B under the similar conditions (cf. MARUYAMA. 1957b). 
The formation of actin complex gives final evidence that the fraction separated 
from myosin B is actually myosin (see over). 
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ACTIN 
F-actin in myosin B 


The presence of actin in rabbit myosin B was suggested by Weser (1956) and 
later directly shown by Barany et al. (1957) and Gerce_y and Martonosi (1958). 
In the present study, a trial to extract actin from the precipitate formed upon the 
high speed centrifugation in the separation of myosin from myosin B was un- 


successful. However, there was obtained some evidence to suggest that actin 


was present in myosin B. The lower one-fifth of the supernate was tested for 


DRF measurements: a highly anomalous y-G relationship was observed as seen in 


Fig. 6. This shows the presence of longer particles in addition to myosin. When 


1000 2000. 3000 


G sec 


Fic. 6. Flow birefringence properties of a mixture of F-actin and myosin separated from 


insect myosin B. 0-23 per cent. Extinction angle (y) (control); x (with 06 M KI); 
flow birefringence (.) (control); @ (with 0-6 M KI). 


solid KI was added, the anomalous behaviour in the y-G curve disappeared and 
furthermore the An-G curve turned into a myosin type. In the actin, prepared by 


conventional procedures, KI depolymerized F-actin to G-actin so that F-actin 


might be responsible for the anomalous behaviour. 


G- and F-actin 


Addition of 0-1 M KCl and 10-* M Me** transformed insect G-actin into F- 
actin, the process of which was followed by viscometry. A sample, which origin- 


ally showed the relative viscosity of 1-02 became viscous, the viscosity increasing 


to 1-62 upon G-F transformation within 30 min at 20°C after the addition of 
KCl and MgCl,. The G-actin solution was completely non-birefringent and 
F-actin solution showed a strong birefringence. It is a curious fact that the 
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viscosity of F-actin was frequently low, but exhibited a strong flow birefrin- 
vyence, 

lhe flow birefringence properties of F-actin greatly depend upon the protein 
concentration. It is a very difficult problem to make a proper characterization 
of F-actin by DRF analysis. Even in very dilute protein solutions such as 0-02 
and 0-03 per cent, the concentration-change was observed in y-G relationships, 
especially at low G: 6 at G = 0 was 0-03, 0-04 and 0-08 sec! for the solutions of 
0-042, 0-033 and 0-024 per cent. ‘The results for 0-024 per cent solution are 
illustrated in Fig. 7. In that concentration. the y-G relationship was reversible 


sec 


Fic. 7. Flow birefringence properties of insect F-actin. 0-024 percent. Extinction angle (x) : 


flow birefringence (A) : 


up to G = 20 sec~!. Once subjected to a high G. namely 1000 sec~', the strong 


flow birefringence of the solution did not disappear for a considerable time after 
the shear stress was removed. This behaviour more markedly increased in denser 
protein concentration. On the other hand, in very dilute solutions y was irrever- 
sibly increased at high G. 

The amount of An of F-actin was low in very dilute protein concentrations 
and it was very high in the dense ones. Besides, the An value varied widely at the 
same protein concentration and velocity gradient from sample to sample. These 
phenomena may be due to the formation and destruction of a complicated network 
of F-actin molecules, as shown in rabbit actin by Oosawa and his collaborators 
(Asakura et al., 1958). ATP did not give any effect on the DRI properties of 
F-actin. 
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SYNTHETIC ACTOMYOSIN 
The F-actin solution and myosin fraction prepared from myosin B were 
mixed in several proportions and placed for at least 2 hr at about 20°C. The 
mixture formed actomyosin complex, showing response to ATP or PP. A typical 
result with the synthetic actomyosin is indicated in Figs. 8 and 9. The distinctive 


500 1000 


0 
0 100 


Fic. 8. Flow birefringence (A) of insect syntheti omyosin and its components at high 
velocity gradients (G) 0-05 per cent actomyosin; @ : 0-05 per cent + ATP; 0-05 per 
cent+PP; x : 0-025 per cent F-actin; 0-025 per cent myosin. 


Fic. 9. Extinction angle (x) of insect synthetic actomyosin and its components at a wide 
range of velocity gradients (G). Symbols as in Fig. 8. 


aspects of the synthetic actomyosin are as follows: (1) ATP was more effective 
than on the natural actomyosin, i.e. the decrease in An was observed in all G 
ranges tested and y was considerably elevated. (2) PP appeared to dissociate the 
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actomyosin into F-actin and myosin completely (see also Table 10). The latter 
fact with respect to An is clearly seen in Fig. 8. These results suggest that the 
actomyosin complex reconstituted in vitro was loose in the combination between 
myosin and F-actin. However, in the two kinds of preparations, where the myosin- 
actin ratio was 2:1 or 5:1, y was considerably increased upon elevating G, 
especially at high G. This suggests that there existed free myosin or that myosin 
was set free from the complex by shear stress. In any case, ATP or PP gave a 
profound effect by causing a dissociation. It is of importance to note that An of 
the synthetic actomyosin was considerably smaller than that of the natural acto- 
myosin: 105 =x 10-% (myosin-actin ratio,* 1:1), 74 (1:2) and 50 (1:5) per 
0-1 per cent solution at G 1200 sec™!. 
COMPARATIVE STUDIES 

Comparison in different animals 

It is highly significant that the flow birefringence of insect actomyosin is 
greatest in the actomyosins from various types of striated muscle so far investi- 


gated (Table 7). Although the rotary diffusion constants are of similar magni- 


TasLe 7—A COMPARATIVE STUDY OF FLOW BIREFRINGENCE PROPERTIES OF MYOSIN B FROM 
DIFFERENT TYPES OF STRIATED MUSCLE 


x | An 
Animal Type of | ATP | 6 - 
muscle |G =0} G =200 | G =1200| G 10 | G 1200 
sec”! () (°) (10-*) | (10-*) 
Rabbit* skeletal | 0-7 10 8 47 | 164 
1-2 13 14 11 68 
Honeybee | thoracic | O-4 56 135 335 
4 0-5 10 7-6 106 | 340 
Crayfish tail | 1-8 0 | i | 38 115 
T 25 38 30 
Clam | adductor | 28 24 47 
| | + - | 38 | 36 | 25 
| 


* Data taken from Nopa and Maruyama (1958a). 


tudes, the birefringence of insect actomyosin is twice that of rabbit. The bire- 
fringence of crayfish or clam actomyosin is smaller than that of insect or rabbit 
actomyosin. One of the reasons why An of myosin B per unit protein concentra- 
tion varies widely in different animals may be related to the extent of contamina- 
tion by myosin, as suggested by the rise in y values at high G as in the crayfish 
or clam (cf. MArRuyAMA, 1959). It is rather striking that the ATP effect is the 
smallest in insect myosin B. 


* The ratio was based on the protein concentration (gramme per litre). However, the concentra- 


tion of the actin may be somewhat overestimated, because actin was not highly purified. 
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Changes during pupal and post-emergence development 

As previously reported (Maruyama, 1957a, b), the ATP-actomyosin system 
in honeybee thoracic muscle changes a little during pupal and post-emergence 
development: in the mid-stage of pupal development there is a sudden increase 


‘TABLE 8—-FLOW BIREFRINGENCE PROPERTIES OF MYOSIN B FROM HONEYBEE MUSCLE DURING 
PUPAL DEVELOPMENT 


| 
Stage ATP + 


Pupa, mid stage 


Pupa, later stage 


Adult, | 7 210 
just emerged wf . 192 


Adult, active 5: 13: 250 
228 


in the actomyosin content, and thereafter no marked changes were observed in 
the activity level of ATPase or in the physicochemical properties, including 
viscosity and sedimentation constants with and without ATP. 

Unexpectedly, the flow birefringence properties were found to change in a 
characteristic way during metamorphosis. As summarized in Table 8, @ gradually 
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G, sec” 


Fic. 10. Extinction angle (x) of myosin B from honeybee mid-pupa at high velocity gradients 
(G). 0-05 per cent; control; @——-@ : with ATP. 
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decreased, while An increased during pupal and post-emergence development. 
In addition, it should be emphasized that the effect of ATP was more pronounced 
in the earlier stages of development. In the mid-pupa, ATP considerably de- 
creased An and increased y in a wide range of G (Fig. 10). 


DISCUSSION 
THE INTERACTION WITH ATP 
The most outstanding aspect of the interaction between insect myosin B in 
solution and ATP is the minor change in the DRF properties, although the 
viscosity, sedimentation pattern, and turbidity change greatly (MARUYAMA, 
1957b), in contrast to crayfish myosin B (Maruyama, 1959). 


1500 2000 
Fic. 11. Change in (y—-G) relationship in mixtures of insect myosin B and myosin. 
:0°02 per cent myosin B (original sample); @ : 0-02 per cent+ATP; A :0-02 per 
cent +ATP+0-05 per cent myosin; x :+ATP+0-07 per cent myosin. 


‘TABLE 9—FLOW BIREFRINGENCE PROPERTIES OF MIXTURES 
OF INSECT MYOSIN B AND MYOSIN IN THE PRESENCE OF ATP 


0-02°, myosin B 
0-05°,, myosin 
Myosin B +mvosin 
‘Theoretical valuet 


*G = 1700 sec. 
* Calculated from Sadron’s formulae (4, 5). 


Since the original work of Szent-GyOroy1 (1945), it has been generally 
accepted that A’I’P dissociates actomyosin solution into myosin and actin and this 
dissociation theory was confirmed by a flow birefringence study (Nopa and 
MAaruyaMaA, 1958a, b). 
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Judged from the change in An and y, the complete dissociation of insect 
actomyosin into its components does not occur with ATP, and only a partial 
dissociation takes place. We are led to assume that the interaction between 
myosin and actin still exists in the presence of ATP. Namely, the interaction 
between myosin and actin is rather strong in the insect. As indirect evidence, 
the change in x and An upon the addition of pure myosin to actomyosin in the 
presence of ATP is presented in Fig. 11 and Table 9. If there is no molecular 
interaction between the added myosin and myosin B, we can calculate the theor- 
etical values of x and An from the formulae of SapRON (cf. Cerr and ScHERAGA, 
1952): 


tan 2 x = sin cos 2; (4) 
i i 
(An)* = 4; sin 2p,)? + 8, cos (5) 


where the 7 species of particles which, if present alone, would give the observed 
values: #, and 4, of the extinction angle and birefringence, respectively, at the 
same velocity gradients. 

As listed in Table 9, the actual values of y and An of the combined solution 
were appreciably different from the theoretical ones: An of the former was larger 
than the latter; on the other hand, y was smaller. This fact suggests that there 
was certainly some kind of interaction between myosin and actomyosin in the 
presence of ATP. Very possibly myosin interacts with the actin partner in the 
myosin B particle. In fact, in the similar experiments with rabbit actomyosin, 
the theoretical values agree well with the observed ones (NopA and Maruyama, 
1958a). 

‘The decrease in An at low G with ATP may be possibly due to partial dissoci- 
ation of actomyosin and also to breaking up of some kind of network of acto- 
myosin particles (cf. ‘TonomurA and Matsumiya, 1958). The recovery of 
decreased An at high G may be due to the orientation of particles, but the com- 
plete explanation remains to be elucidated. ATP caused no detectable effect on An 
of myosin or of actin alone, respectively. The An of myosin, actin, and acto- 
myosin were all positive so that we can expect that myosin particles attach to 
actin filaments, the major axes being parallel. 

The influence of PP on the DRF properties of insect actomyosin merits 
special attention. ‘The PP effect was more remarkable than the ATP one: y at 
high G markedly increased and An decreased in the whole range of G (Fig. 3 
and ‘Table 2). In this case, dissociation certainly appears to have taken place to 
a considerable extent. In short, PP was more effective on insect actomyosin than 
ATP in the presence of a sufficient amount of Mg**, although in rabbit, the 
action of ATP and of PP are quite equal (Nopa and Maruyama, 1958). The 
effects of A‘T'P and PP are more clearly seen in the reconstituted actomyosin than 
in the natural actomyosin described above (Figs. 2, 8, and 9). In the presence of 
PP, the y and An values are approximately equal to those calculated from 
Sadron’s formulae (4, 5), as seen in Table 10. 
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However, there arises some serious doubt as to the partial dissociation hypo- 
thesis in the presence of ATP. It is concerned with the profound decrease in 
the viscosity of insect actomyosin as well as the change in the sedimentation 
pattern in the presence of ATP (Maruyama, 1957a, b). 


TABLE 10—FLOW BIREFRINGENCE PROPERTIES OF INSECT SYNTHETIC 
ACTOMYOSIN AND ITS COMPONENTS IN COMPARISON WITH THE THEORETICAL DATA 


0-025°,, myosin 
0-025°,, actin 
0-05"°., actomyosin 
0-05°,, +ATP 
0-05°,, + PP 
Myosin + actint 


0-033°,, mvosin 
0-017°,, actin 
0-05°,, actomyosin 
0-05°,,+ ATP 
0-05°,, +PP 
Myosin + actint 


* Data at G = 1200 sec 
+ Calculated from Sadron’s formulae (4, 5). 


The viscosity data shown in Table 4 were obtained by using the conventional 
Ostwald viscometer at high G and the solution of relatively higher protein concen- 
tration was employed for tests, where molecular interaction plays a predominant 


002 004 
C, 

Fic. 12. Viscosity of insect and rabbit myosin B in dilute protein concentrations (C). 
Mean velocity gradient 100 sec insect control); @ (with ATP); rabbit (control): 
A (with ATP). The system consisted of 0-6 M KCI, 0-02 M Tris buffer and 1-5 mM MgCl, 
at pH 7-0 and 20°C +0-1°C. 
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role in the viscosity. Therefore the very dilute solution (from 0-01 per cent to 
0-1 per cent) was tested for viscosimetry at mean G of 100 sec~!. The results 


are shown in Fig. 12 in comparison with the rabbit. ‘The decrease in viscosity 


with ATP was certainly found to a lesser extent in the insect than in the rabbit. 


Possibly the change in viscosity may be explained by the disappearance of the 


interaction between actomyosin molecules and of loosening of the actomyosin 
complex with ATP. 

The separation of myosin from myosin B might be due to the shift of the 
following equilibrium to the right through the removal of actin by centrifugation: 


AM=M+A 


It is of great interest that the recovery of pure myosin in the supernatant was 
much smaller (30 per cent of the original concentration) in the insect than in the 


rabbit (60 per cent). It is not clear whether this is due to the larger amount of 
actin in the actomyosin or to the larger extent of the myosin-actin interaction. 
Both might be responsible. 


COMPARATIVE VIEW 
As described in the section ‘Results’, the An of insect actomyosin is very 
great in comparison with that of rabbit, crayfish, and clam myosin B. Since the 


orientation factors of crayfish and clams actomyosin are smaller, direct comparison 


at the same velocity gradient is not appropriate (Cerr and ScHeraGa, 1952); 


in these protein solutions, pure myosin appears to have been a contaminant to a 


considerable extent. Nevertheless it is certain that the optical factor of insect 


myosin B is the greatest among the actomyosins tested. Ment (1940) reported 


the DRF properties of (acto) myosins from several animals (snail, octopus, and 
sting ray), and the An of the preparations are much smaller than that of the 
insect under similar experimental conditions. In addition, ATP had much 
effect on the myosin B molecules from rabbit, crayfish, and clam muscles, but 
not on the insect myosin B. 

It has been considered that, at least in the rabbit, myosin first dissolves into 


extracting medium, say Weber-Edsall solution, and then myosin is gradually 


transformed into actomyosin in combination with actin, although the precise 


situation remains obscure (NopA and Maruyama, 1958b). In insect muscle, 


this is not the case. As was shown in an elegant manner in locust muscle (GILMOUR 
and CataBy, 1953), and later confirmed by the present author's experiments 
(Maruyama, 1954a, 1957b, 1958b), actomyosin is directly solubilized from the 


beginning. ‘This fact and the large birefringence suggest that the intact acto- 


myosin filaments in the sarcomeres may be separated into the solution, retaining 


the structure im situ to some extent. The length of actomyosin approximates that 
of one sarcomere (~3 (PHILPoTT and Szent-GyOreyi, 1955). 
Hodge (1955) reported that birefringence of insect myofibrils decreases only 


slightly during contraction, which is the case in the flow birefringence of honey- 


bee actomyosin sol with ATP. The relatively strong interaction between myosin 
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and actin might have somehow a close bearing upon the very quick contraction- 
relaxation cycle in insect flight muscle. With respect to this point, it is of import- 
ance that a greater degree of the interaction occurs upon the onset of the actual 
physiological function of the flight muscle in the honeybee life-span. The fine 
structure of myofibrils undergoes a marked development during pupal develop- 
ment of the honeybee (KosHiHara and Maruyama, 1958). Here, however, it 
should be pointed out that the respiratory enzyme systems in sarcosomes play a 
dominant role in the actual flight of the insect, as clearly shown in honeybee 
muscle (MaruyAMA and Moriwak1, 1958). The special physicochemical character- 
istics of the ATP-utilizing system in myofibrils and the high efficiency of the 
A'TP-supplying system in sarcosomes might make possible a very rapid contrac- 
tion in insect flight muscle. 


SUMMARY 

Flow birefringence properties of myosin B or natural actomyosin, myosin, 
actin, and synthetic actomyosin from honeybee thoracic muscle were investigated 
with special reference to their interaction with ATP. Extraction of honeybee 
muscle with strong salt solution even in the presence of pyrophosphate always 
yielded myosin B, the viscosity of which was lowered with ATP. Direct extraction 
of myosin could be done, using 0-6 M KI solution as an extractant. 

Flow birefringence properties of insect myosin B were only a little affected 
with A'T'P: the amount of flow birefringence was lowered with ATP only at low 
velocity gradients and rotary diffusion constant increased slightly, in a wide 
range of velocity gradients. Myosin was separated by ultracentrifuging in the 
presence of ATP, which reacted with F-actin to form actomyosin after ATP 
was dialysed away. 

The molecular length of insect myosin B ranged from 3-3 to 1-1 y and from 
3-0 to 0-9 u with and without ATP. Myosin was from 1700 to 2000 A in length. 
The molecular dimension of F-actin was not clearly determined owing to its 
very complicated behaviour at a shear stress. 

‘The comparative study of crayfish and clam myosin B as well as that of rabbits 
reveals a special behaviour of insect myosin B as regards the flow birefringence 
properties: the amount of flow birefringence per unit protein concentration was 
very high and the effect of ATP was relatively small, although PP was more 
effective than ATP. 

It is tentatively suggested that the interaction between myosin and actin 
even in the presence of A'T’P exists to a considerable extent in insect myosin B. 
The present findings are also discussed in connexion with the physiological 
function of insect flight muscle. 
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Abstract—The effect of antivitamins on the housefly Musca vicina (Macq.) has been 
investigated using an artificial diet. Larval growth was found to be severely hampered 
by the presence of neopyrithiamine, desoxypyridoxine, 4-aminopteroylglutamic acid, 
pantothenol, pantoyltaurine, 3-acetylpyridine, «-picolinic acid, pyridine-3-sulphonic 
acid, benzimidazole, and p-aminoacetophenone, and to a lesser extent by avidin, iso- 
nicotinic acid, and p-aminobenzenesulphonamide. The rate of inhibition appeared to 
be proportional to the level of the antimetabolites in the diet. Thiamine and pyri- 
doxine reversed completely the effect of neopyrithiamine and desoxypyridoxine, 
respectively, whereas folic, pantothenic, and nicotinic acids relieved only partly the 
action of the corresponding antivitamins. The growth inhibitory action of avidin 
was overcome by biotin addition or by heating. The toxic effect of benzimidazole 
or p-aminobenzenesulphonamide was not relieved by adenine or p-aminobenzoic acid. 

On a synthetic diet consisting of casein, cholesterol, salts, nipagin M, thiamine, 
pyridoxine, pantothenic acid, nicotinic acid, folic acid, biotin, riboflavine, choline, 
and RNA, the larvae reached only } of the weight attained on the artificial diet which 
contained yeast extract instead of the above water-soluble growth factors. 

Oviposition is impeded when 4-aminopteroylglutamic acid, 3-acetylpyridine, 
desoxypyridoxine, neopyrithiamine, and pantothenol are added to the diet of the 
adult flies. Apart from growth inhibition, the vitamin deficiencies cause pathological 
features in larvae, pupae, and adults of the housefly. 


INTRODUCTION 
THE use of antimetabolites has become a standard procedure in the study of 
nutritional requirements of many types of organisms. ‘Thus, pyrithiamine and 
neopyrithiamine were found to cause thiamine deficiency in mice and in bacteria 
and fungi requiring either thiamine or its pyrimidine or thiazole moieties (WOOLLEY 
and Wuite, 1943), whereas micro-organisms synthesizing thiamine were not 
affected by the antimetabolite (WooLLEy, 1952). Benzimidazole is an antagonist 
of adenine and guanine in several micro-organisms but not in mammals (WOOLLEY, 
1944). The chick embryo needs pyridoxine for its growth; the latter is inhibited 
by desoxypyridoxine, an antagonist for pyridoxine (Ort, 1946), and is restored 
by any of the three forms of vitamin B, (Cravens, 1952). In rats and chicks, the 
growth inhibitory action of 4-aminopteroylglutamic acid (aminopterin) is relieved 
only by relatively large amounts of folic acid, whereas in Streptococcus faecalis a 
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true competitive relationship was established between the vitamin and the 
antagonist (OLESON, HUTCHINGs, and SuBBAROW, 1948). Mammals can utilize 
pantothenol, as they are able to oxidize the latter to pantothenic acid, whereas in 
bacteria which cannot do so, pantothenol or pantoyltaurine inhibit competitively 
the utilization of pantothenic acid (SNELL and Suive, 1945). 3-Acetylpyridine 
causes niacin deficiency in mice, though not very efficiently (WOOLLEY and COLLYER, 
1945), whereas the analogously constituted pyridine-3-sulphonic acid does not have 
this effect in mice (WOOLLEY and Wuire, 1943) and human beings (BEAN, Sptes, and 
BLANKENHORN, 1944). The sulphonic acid is inhibitory only for niacin-dependent 
bacteria (McILWarn, 1940) in the same manner as a-picolinic acid (MOELLER and 
BIRKOFER, 1942). 

Very few studies have been devoted to the effect of antivitamins on insects. 
‘The influence of folic acid analogues on larvae of Drosophila melanogaster (GoLD- 
SMITH, HARNLY, and ‘Tosras, 1950; Hinton, 1952) and Musca domestica (MITLIN, 
Konecky, and Piquett, 1954), and the competitive antagonism between f- 
butyrobetaine and carnitine in Tenebrio molitor (BHATTACHARYYA, FRIEDMANN, 
and FRAENKEL, 1954) have been studied. The substitution of several antivitamins 
for the corresponding vitamins in the diet of Periplaneta americana enabled 
SIEBURTH and McLaren (1953) to show that thiamine, nicotinic, pantothenic, and 
folic acids are essential to the larvae of this insect. SHYAMALA and Buat (1958) 
have recently used 3-acetyl-pyridine and desoxypyridoxine to prove the niacin 
and pyridoxine requirement in the monophagous larva of Bombyx mori. 

‘The experiments described in this paper were carried out in order to deter- 
mine the effect of certain antivitamins on the larval growth of Musca vicina Macq. 
and their competitive relationship to the corresponding vitamins. Some experi- 
ments have also been devoted to adults of the same strain of houseflies. 


MATERIALS AND METHODS 

The experiments were performed with an artificial diet the composition of 
which is summarized in Table 1. This diet was prepared as follows: Cholesterol 
was dissolved in 20 ml of ether, the solution was poured into an Erlenmeyer flask 
(250 ml) containing the powdered filter paper and the solvent allowed to evaporate 
for 48 hr at 30°C, whereby an even distribution of the cholesterol was obtained. 
Casein, salts and nipagin M were then added and mixed thoroughly with the 
contents of the flask, which was stoppered subsequently by a plug of cotton wool, 
covered with tin foil and autoclaved for 20 min at 121°C. Five millilitres of a 


freshly prepared solution of 20 per cent (w/v) yeast extract, sterilized by filtration 


through a Seitz funnel, were added to the dry constituents of the diet. 

The soluble antivitamins and vitamins were tested as such, whereas the insoluble 
ones were used in form of their salts as listed in Table 2; stock solutions of both 
types were prepared and sterilized subsequently by filtration. A filtered solution 
of fresh egg albumen (hen) was used to provide avidine. ‘The stock solutions were 
diluted with sterile water to the desired concentrations. After bringing their 
water content to a volume of 17:5 ml (per flask), they were carefully added to 
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and well mixed with the other dietary constituents. This procedure was carried 
out just before the addition of newly hatched larvae to a series of flasks. 


TABLE 1—COMPOSITION OF AN ARTIFICIAL DIET FOR HOUSEFLY LARVAE 


Constituent g | per cent 


Casein, vitamin free (Nutritional Biochemicals Co.) 2°5 9-6 
Yeast extract, anhydrous (Difco)* 1-0 3:8 
Cholesterol 0-025 0-1 
Salt mixture No. 2 (USP XIII) 0-016 0-06 
Nipagin M 0-075 0-3 
Water 5 86-0 
Powdered filter paper (passing through sieve 10 mesh) : — 


*A water soluble, lipid- and carbohydrate-free autolysate of Saccharomyces cerevisiae. A 
typical analysis of its major B-vitamins is recorded below : 


Vitamin | mg/g dry weight 
Thiamine 0-0032 
Riboflavine 0-019 
Pyridoxine 0-020 
Nicotinic acid 0-279 
Pantothenic acid 0-045 
Biotin 0-0014 


Newly laid eggs were obtained from a laboratory strain of Musca vicina 
grown in axenic culture with Escherichia coli on a mixture of 40 per cent (w/v) 
wheat bran and water. 

The fly eggs were washed with dilute detergent solution, immersed for 30 
min into a sterilizing solution containing formalin (5-0 per cent) and potassium 
hydroxide (1-0 per cent), and rinsed with sterile water. The larvae were then 
allowed to hatch into sterile water and were transferred immediately to the 
experimental diets. The method of evaluating larval growth and pupation has 
been described previously (LEVINSON and BERGMANN, 1957). 

Due to similarity between the colours of diet and larvae and the small size of 
the latter, it was rather difficult to detect larvae which had grown only slightly 
or not at all. The following apparatus facilitated the detection of such larvae. 
An electric bulb (60 W) was fastened centrally inside a pyrex glass funnel (upper 
diameter 12 cm) which had been painted black on its external surface. The funnel 
was fixed vertically by a clamp and its upper opening covered by a white glass 
plate. An open petri dish (diameter 15 cm) was placed on it in such a way that 
the distance between the circumference of the dish and the funnel became appro. .i- 
mately 1-5 cm (Fig. 1). The medium containing minute larvae was diluted with 
water and the resulting suspension poured in small amounts at a time into the 
petri dish. When the bulb was illuminated, the larvae fled immediately from the 
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TABLE 2 


light cone to the dark area of the dish and could be recognized easily by their fast 
movements. Since the light made the black cephalo-pharyngeal skeleton particu- 
larly conspicuous, it was also possible to detect dead larvae. 
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Fic. 1. Arrangement for the detection of retarded larvae in the rearing medium. 


RESULTS AND DISCUSSION 

The influence of antivitamins added in gradually increasing levels to the larval 
diet is shown by the results given in Table 3, in which the total number of larvae 
used in these experiments is indicated for each concentration of antivitamin. All 
antagonists retarded, proportionally to their concentration, larval growth and 
consequently reduced the percentage of pupae and adult flies. In presence of the 
highest applied levels of neopyrithiamine, desoxypyridoxine, 4-aminopteroyl- 
glutamic acid, pantothenol, 3-acetylpyridine, «-picolinic acid, and p-amino- 


acetophenone, the surviving larvae attained less than 10 per cent of the body 
weight gained normally within 72 hr of growth. With suitable amounts of pyridine- 
3-sulphonic acid and benzimidazole, the surviving larvae reached a slightly higher 
weight than for the above antivitamins, but then their growth stopped entirely, 
whereas with sublethal concentrations of p-aminobenzene-sulphonamide and 
isonicotinic acid larval growth was suppressed only moderately. Newly hatched 
larvae died several hours after being placed on diets containing the latter two 


compounds at the highest concentration tabulated. 

Larval growth was reduced considerably by egg albumen applied in its raw 
state, whereas with the heated preparation growth proceeded almost normally. 
This is undoubtedly due to the ability of avidine to form with biotin a heat- 
labile complex. Indeed, the effect of heating egg albumen could be duplicated 
by addition of a large dosage of biotin to the raw preparation. 
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TABLE 3—EFFECT OF GRADED AMOUNTS OF ANTIVITAMINS ON HOUSEFLY LARVAE 


Average larval 


Amount; No. of | Larvae | weight at age | Larvae | Larvae 
Antivitamin (mg/g | experi- | sur- 72 hr pupat- | develop- 
added to diet | dry diet)| mental | viving - | ing* | ing into 
animals | at 72 hr | as % of | | adultst 
| (%) | (mg) | control | (%) (%) 
Neopyrithiamine 0-06 60 | 100 17-9 92 | 93 90 
0-13 60 | 95 18-5 84 93 87 
0-27  , 82 80 73 
0-54 84 | 52 4-6 26 7 2 
1-09 80 39 0-8 5 0 
20 28 04 | 2:5 0 


Desoxypyridoxine 0-27 60 100 18 


56 


l 58 

2-19 64 9] 6-1 28 22 22 

4-38 53 5 3-9 20 4 2 
3 


4-Aminopteroyl- 


glutami ac id 


Pantotheno 2:19 52 96 17-8 119 94 90 
4-38 54 92 13-3 89 85 74 
8-76 60 93 11-4 70 68 55 
13-12 66 82 10-6 53 42 4) 
17°52 100 81 39 23 15 
35-04 95 6 1:8 9 0 


3-Acetylpyridine 2:19 | x0 100 17-9 113 93 87 
4-38 28 100 17°‘8 113 90 80 
8-76 50 98 17-7 108 80 73 
13-12 45 5-4 30 1 
| 15-33 59 14 1-4 7 0 
17°52 90 0 


z-Pic olin acid 


Tsonicotini« acid 


* Including abnormal pupae Including partially emerged flies 


; 
298 
| 
* 
= 4 or 58 
| | | | 
003 | 31 100 16-4 84 (90 87 
a 0-06 30 100 13-9 71 87 77 
0-13 54 75 4-5 Pi 25 21 
0-27 60 67 2:4 11 0 
on 
0-54 53 70 1-0 0 
09 ? >.5 
l | 114 | IZ | 0-4 | 0 | 
- 
19 57 100 20-8 | 100 93 93 
100 18-6 95 SY S6 
76 60 97 10-9 61 80 66 ‘abe ae 
52 116 | 66 2:7 17 0 
| 30 0-5 3 0 
2 >< 
4-38 25 80 16-1 90 80 76 
8°76 55 24 11-3 63 16 12 eo 
7-52 
17-52 60 0 
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TABLE 3—continued 


| Average larval 


|Amount| No. of | Larvae weight at age Larvae | Larvae 


Antivitamin | (mg/g | experi- sur- | 72 hr pupat- | develop- 
added to diet dry diet)| mental | viving - | ing* | ing into 
animals | at 72 hr as %, of | adultst 

| (mg) control | (%) | (%) 


x 


Pyridine-3- 


19-3 7 88 
sulphonic acid 


no 


wu S 


p-Aminobenzene- 
sulphonamide 


p-Aminoaceto- 
phenone 


Benzimidazole 


Amount 


(ml/g 
| dry diet) 


Egg albumen, fresh 
Egg albumen, heated 
Egg albumen, fresh | 

+ Biotin | 83 
No addition 3 97 100 
| | 


* Including abnormal pupae. + Including partially emerged flies. 


It is rather interesting that both the a- and the y-isomer of nicotinic acid as 


well as 3-acetylpyridine had about the same activity, whereas pyridine-3-sulphonic 


acid was approximately four times less active. 

Pantoyltaurine did not affect larval growth at a level of 2-2 mg/g dry diet, 
whereas at amounts of 4-4 and 8-7 mg the respective larval weights were 19 and 
70 per cent less than the control value. 

The observed dietary levels of antivitamins which inhibited growth cannot, 
of course, be regarded as real threshold values, because the amount of antagonist 
ingested by each larva is unknown. Relatively high concentrations of antivitamins 


a 
oe 
q 
{ 62 97 18-1 | 100 83 | 80 q 
| 64 88 40 | 7 | 73 | 67 
60 33 | 49 | 25 | 0 | : 
57 18 | 28 | 14 oO | 
| 
4-38 32 100 120 | 78 | 87 | 5% 3 
| 657 | 54 | 82 | 46 41 
| 8-76 91 41 | 5-4 | 35 3 0 
| 17-52 60 | o | | 
| 
. | 438 30 (40 | 82 | 53 3 (3 4 
8:76 62 37 45 | 29 7 | 0 fe 
17-52 30 | 10 | | 7 | 
| 35-04 30 0 
| | | | 
FS 2:74 30 80 208 | 110 80 73 j 
| 5-48 30 73 16-9 | 90 70 50 i 
| 10-96 90 37 52 | 28 2 0 r 
| 16-44 61 37 30 | 16 0 : 
21-90 63 0 - 
| 
| | : 
7 5 
4 
3 
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4— RESPONSE 


LARVAI 


LEVINSON AND Ernst D. 


rO GRADED 
ANTIVITAMINS 


BERGMANN 


AMOUNTS OF 


Antivitamin 
added 


Neopyrithiamine 


Desoxypyridoxine 


Pantothenol 


4-Aminopteroyl- 
glutamic acid 


Vi 


| 


diet* 


| 
0-0 
0-001 | 
0-01 
0-1 
0-2 
0-4 
1-0 
10-0 
100-0 
100-0 


0-0 
0-0 
0-004 
0-04 
0-4 | 
Os | 
4-0 

40-0 


400-0 
| 400-0 


0-0 


O-O 
0-016 
0-16 | 
1-6 
16-0 
32-0 
160-0 
320-0 
640-0 
960-0 
960-0 


O-O | 
| 
0-1 
1-0 
10-0 
100-0 | 
200-0 
200-0 


Meg | Ratio 


| 
| 
| 
| 
| 


* Wet weight of diet 


VITAMINS IN PRESENCE 


vw 


— 


Sunt SO 


| 
Average | Larvae | es 
larval | surviv- | Larvae 
P| | Mg/ | Vitamin weight at| ing at | pupating Bases 
| diet* | added age 72hr| 72 hr (%) 
| (mg) | (%) | 
0-0 | Thiamine | | 83 | 70 
10-0 05 | 20 | 0 
| 10-0 | 10000 1 | | 43 0 
| 10-0 | 1000/1 | 08 | 47 | 0 a 
| 10-0 | 100/1 | 94 | 80 | 37 a 
| 100 | 50/1 | 4 | | 73 | 53 ce 
| 10-0 | 25/1 | if 86 | 66 ab 
| 10-0 | | 101} 87 | 80 
10-0 | | v1} 1 9% | 
| 10-0 | 0-1/1 9 | 78 
| | il 100 | 100 
| 
Pyrid- m+ | 9 | 90 
40-0 | oxine 10 | 36 0 
40-0 | 10000 0 
| 40-0 1000 1:2 50 | 0 
40-0 | 100 4-7 | 69 0 
40-0 | 50 65 | 63 | 10 
40-0 | 10 116 | 70 23 I 
40-0 | 18:7 | 80 67 
40-0 | | Ot | 7 | 0 
| | | | | | 
00 | Pantothe- | |; — 198 | 77 | 74 
| 160-0 | nic acid 0-8 22 0 
160-0 | 10000 10 | 2 | 0 es 
160-0 1000 18 | 27 0 
160-0 | 100 41 | 33 0 Swi 
| 160-0 | 10 42 | 47 0 eee 
| 160-0 | 5 46 | 61 7 ‘fae a 
| 160-0 | 1 7°5 | 60 | 10 as ae 
| 160-0 | 0-5 6-9 67 13 
| 160-0 | 0-25 3-1 27 | O 
| 160-0 | 0-17 0-7 | 10 | 0 
| 0-0 | | 0 
| | | | | 
po 0-0 | Folic acid | | 16 | 93 | 70 ee otha 
0 33 0 
0 50 37 | 0 
‘O 5 4 0 
| 0-5 50 0 
| | 0-05 9 | 10 
0 0-025 | 72 | 7 
0-0 | 1 | 57 | 50 ag a 
— 26-116 
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TABLE 4—continued 


Larvae 
surviv- 


Average 


larval | Larvae 


Antivitamin 
added 


Benzimidazole 


3-Acetylpyridine 


p-Aminobenzene- 
sulphonamide 


p-Aminobenzene- 
sulphonamide 


Meg 


diet* 


0-0 
50-0 
50-0 
50-0 
50-0 
50-0 
50-0 
50-0 

0-0 


0-0 
60-0 
60-0 
60-0 
60-0 
60-0 
60-0 
60-0 
60-0 
60-0 
60-0 

0-0 
70-0 
70-0 


80-0 


Vitamin 


added 


Adenine 


Nicotinic 


acid 


| p-Amino- 
benzoic 
acid 


| 
Folic acid | 


| 
| 
| 
| 


| 
| 
| 


| 


0-0 
0-005 
0-05 
0-5 
5-0 
50-0 
500-0 
500-0 


0-0 
0-0 
0-006 
0-06 
0-6 
6-0 
12-0 
24-0 
36-0 
48-0 
600-0 
600-0 
0-0 
0-007 
700-0 
0-0 
0-008 
800-0 


0-0 
0-0 
0-004 
0-04 
0-4 
4-0 
40-0 
400-0 
400-0 


0-0 
00 | 
0-004 | 
0-04 
0-4 
4-0 
40-0 
400-0 
400-0 


Ratio | weight at | 
age 72 hr | 
(mg) 


+ 
ow 


10000/1 


Www 


+ 


10000/1 
1000/1 
100/1 
10/1 


| 


9 ratios 


9 ratios 


10000/1 
1000/1 
100/1 
10/1 
1/1 
0-1/1 


10000/1 
1000/1 


~ 


ET 


~ 


* Wet weight of diet = 


26°116 g. 


: 
4 
| | | 
diet* 72 hr | ("Jo) 
(%) q 
~ 
71 0 
; 1000/1 77 0 4 
i 100/1 63 0 ‘ 
10/1 80. 7 4 
1/1 67 0 
| 
| O11 — 0 | 0 
On 17. 0 
37 0 ; 
47 0 
47 3 
73 7 
23 | 0 : 

10 | 0 
0 

0 
0-9 53 0 
- 1-5 10 0 
| 
0-0 | 15 80 | 73 
es 40-0 6 34 0 
40-0 5 29 | 
40-0 5 2 (OO 
eas 40-0 6 40 0 a 
40-0 | | | 54 0 
40-0 1 54 0 

| 
0-0 OS 2 | 0 
| 

| 

40-0 13. | 0 
| 40-0 100/1 26 3 
| 40-0 10/1 | o | 23 | 
| 40-0 1 | 15 0 4 
| 40-0 0-1/1 | | 10 0 
— | | 2 | 0 
: 
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were necessary to assure uniform distribution of these agents in the strongly 
absorbent paper powder. 

In order to ascertain whether the action of the compounds tested on housefly 
larvae was indeed an antivitamin effect, the experiments summarized in Table 4 
were carried out. They show the growth response of larvae to increasing amounts 
of vitamins in the presence of a constant level of the corresponding antivitamins. 
Each concentration or ratio has been tested on at least two separate groups of 
thirty larvae. The action of neopyrithiamine and desoxypyridoxine was completely 
reversed by addition of thiamine and pyridoxine at a ratio of 1 : 25 and 1:1 
respectively. On the other hand, the effect of 4-aminopteroylglutamic 
acid, pantothenol, and 3-acetylpyridine was counteracted only partially by the 
corresponding vitamins. When the concentration of 3-acetylpyridine was increased 
beyond the lowest inhibitory level, its effect could no longer be reversed at all by 
nicotinic acid. The growth inhibition produced by benzimidazole could not be 
relieved by adenine, in spite of the fact that this purine acts as a growth factor 
for larvae of M. vicina (Levinson, 1958) as well as of M. domestica (BROOKEs, 
1957). The effect of p-aminobenzene-sulphonamide was not counteracted by 
p-aminobenzoic acid, although it was partly overcome by folic acid. The latter 
observation is somewhat surprising, as fly larvae neither synthesize folic acid (as 
evidenced by their need for this compound) nor require p-aminobenzoic acid. 
The growth inhibitory action of both analogues of p-aminobenzoic acid appears 
to be a non-specific toxic effect. 

In cases in which the antivitamin action was reversed partially by the corres- 
ponding vitamin, the larval weight increased first to a maximum and decreased 
again upon further addition of the vitamin. As an explanation of this effect one 
could assume that the vitamins in relatively large doses are toxic for the larvae. 
This is, indeed, the case. Each vitamin, when fed alone at the maximum level 
employed in the titration of the antivitamins, proved toxic, with the exception 
of thiamine and—partly—folic acid which was not toxic at a level of 200 mg in 
the diet, but had a strong growth-inhibiting effect at the 400 mg level. 

In the course of the titration of the antivitamins by the corresponding vitamins 
a number of pathological changes were observed in the larvae as well as in the 
pupae and adults reared from them. ‘Thus, partial lack of either pyridoxine or 
nicotinic acid gave lethargic larvae which moved unusually slowly, lacked appetite, 
and suffered from heavy diarrhoea. ‘They invariably died in a typically paralysed 
position (Fig. 2). The symptoms appeared to be rather specific for a deficiency 
of these two vitamins and resembled a disease of larvae of Bombyx mori which 
was named by ParLior (1930) ‘dysenterie flaccidiforme’. A slight deficiency in 
any of the vitamins tested still permitted growth of the larvae but caused them 
to pupate abnormally. The larval contracture was either lacking or incomplete. 
In the latter case, transitory forms were obtained which lacked the typical oval 
shape of the puparium, but had a fully sclerotized and pigmented cuticle (Fig. 3). 
The uncontracted pupae never developed into adult flies (Fig. 3a, b), whereas 
the partly contracted pupae gave rise to flies which could not free themselves 
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Larva paralysed due to lack of pyridoxine or nicotinic acid in the diet. 


(a) (b) (c) (d) 


Fic. 3 (a-d). Abnormal forms of pupae, due to Fic. 4. Housefly developed from larva 
partial vitamin deficiencies. suffering from slight pyridoxine deficiency. 


(a) (b) 


Fic. 5 (a, b). Flies developed from biotin-deficient larvae. 
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Fic. 6. Abnormally small flies produced by suboptimal Fic. 7. Dead female flies fed during life- 
vitamin levels in the larval diet. time with milk containing antivitamins 


(note the erected ovipositors). 
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from the puparia (Fig. 3c, d) and starved to death in this position. A number of 
flies unable to remove one of their wings from the pupal skin developed from 
larvae which suffered from a slight pyridoxine deficiency (Fig. 4), and four flies 
which could not spread their wings and were, therefore, unable to fly, were 
obtained from biotin-deficient larvae (Fig. 5). When the vitamin amounts in 
the diets were increased to suboptimal levels, the abnormal forms were replaced 
by very small flies (Fig. 6) which, however, behaved normally. 


It can be concluded that housefly larvae require in their diet thiamine, pyri- 


doxine, biotin, pantothenic, nicotinic, and folic acid, but not p-aminobenzoic 
acid. A larval requirement for riboflavine has been shown before; irradiation of 
yeast extract under alkaline conditions* produced dietary deficiency in this vitamin 
(Levinson, 1958). Thus, it was possible to replace the yeast extract of the artificial 
diet (Table 1) by a mixture of the six vitamins listed above and riboflavine, in 
addition to choline and RNA.+ On the resulting synthetic diet, the larvae grew 
fairly well, but reached within a growth period of 72 hr only % of the weight 
attained on the artificial diet. ‘This would indicate that yeast extract provides 
the housefly larvae, in addition to the foregoing nutrients, with some other yet 
unknown growth factors. 

The vitamin requirements of Musca vicina larvae thus differ very little from 
those of other insect larvae. All investigated species were found to require at 
least thiamine, riboflavine, pyridoxine, pantothenic, and nicotinic acid, some of 
them also choline, folic acid, and biotin; a few ‘l'enebrionidae require carnitine 
(8-hydroxybutyrobetaine) in addition (FRAENKEL, 1951). Folic acid was reported 
not to be required for M. domestica, reared on a synthetic diet containing RNA 
(Brookes, 1957), and for the larvae of Lucilia sericata (KADNER and LAFLEvR, 
1951), Pseudosarcophaga affinis (House, 1954) and Phormia regina (Brust and 
FRAENKEL, 1955). It was claimed that the first named species could also dispense 
with biotin and the second one with pyridoxine. However, it may well be that 
the methods used, contrary to the method of antivitamins, cannot detect require- 
ments for sma// quantities of essential growth factors. 

Antivitamins can also be used, as some preliminary experiments have shown, 
for the study of the vitamin requirements of the adult housefly. ‘This method is 
less laborious than the usual one which requires both larvae and imagos to be 
kept under sterile conditions. 

Equal numbers of both sexes of M. vicina were allowed to feed on sugar and 
an aqueous suspension of 20 per cent (w/v) powdered milk containing the anti- 
vitamin to be tested. ‘This suspension was renewed daily throughout the lifetime 
of the insects. When given sugar and milk only, the average number of eggs 
laid by a female during life amounted to 470 (T 28°C, RH 65 per cent). ‘This 
number was decreased by 82-99 per cent upon addition of 2-5 per cent pantothenol, 


* Lumiflavine has no vitamin activity for housefly larvae 

* The vitamin requirements of MM. domestica larvae, determined recently by the conventional 
(omission) method (Brookes and FrRAgNKEL, 1958 ; House and Bartow, 1958), appear to agree sub- 
stantially with the results recorded above 
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0-3 per cent neopyrithiamine, 0-2 per cent desoxypyridoxine, or 0-02 per 
cent 4-aminopteroylglutamic acid to the milk. Oviposition became totally inhibited 
when the flies were fed on milk containing 5-1 per cent of pantothenol, 1-3 per 
cent 3-acetylpyridine, or 0-3 per cent of desoxypyridoxine. It should be empha- 
sized that in spite of normal copulation, the ovaries remained in the same atro- 
phied state as the ones of females which had no access to protein (AscHer and 
LEVINSON, 1956). The average diameter (breadth) of these ovaria was 0-6 mm 
as compared with 2-4 mm of the controls. However, since these flies obtained an 
ample supply of milk, the antivitamins apparently impeded the protein utiliza- 
tion necessary for ovarian development. The antivitamins also reduced signifi- 
cantly the longevity of both sexes. The females died mostly in a bizarre position 
with erected ovipositors just as for oviposition, their ovaria contained no eggs 
and their alimentary tracts were filled with undigested milk (see Fig. 7). 

These results indicate that houseflies need for reproduction in addition to 
sugar, protein, and water, also vitamins. To what extent vitamins stored by the 
larvae are transferred to the adult flies has to be investigated further. 

Also in a few other insects, certain vitamins were found to be indispensable 
to egg formation. ‘Thus, Cimex lectularius did not lay eggs when fed on thiamine- 
deficient rats (DEMEILLON and GoLserG, 1947); ovarian development of Phormia 
regina was accelerated significantly by addition of nicotinic acid to a diet con- 
sisting of protein and sugar solution (Rasso and FRANKEL, 1954) and egg forma- 
tion was inhibited in Drosophila melanogaster (GOLDSMITH and FRANK, 1952) and 
Musca domestica (MITLIN, Butt, and Suortino, 1957) by addition of 4-amino- 
pteroylglutamic acid to their food. 
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Abstract—Housefly homogenates perform high cholinesterase and ali-esterase activity. 


Warburg-manometric studies show that acetylcholine, acetyl-§-methylcholine, 


butyrylcholine, and benzoylcholine are exclusively hydrolysed by a cholinesterase, the 


properties of which are more or less comparable to those of true vertebrate cholin- 


esterase Methylbutyrate and tributyrin are hydrols sed by one or possibly several 


ali-esterases but not by the cholinesterase. The cholinesterase activity is mainly present 


in the head and the ali-esterase activity in the thorax and the abdomen. Various other 


substrates, e.g. methylacetate, ethylacetate, amylacetate, triacetin, phenylacetate, and 


o-nitrophenylacetate are hydrolysed by both the cholinesterase and the ali-esterases. 


There is some evidence that o-nitrophenylacetate hydrolysis is partly due to an organo- 


phosphate-resistant enzyme distinct from the cholinesterase and ali-esterases, which 


are both inhibited by low concentrations of organophosphates. The ali-esterase activity 


is rapidly destroyed at 37°C in slightly alkaline media, whereas the cholinesterase is 


not affected by these conditions. 


INTRODUCTION 


THE presence of acetylcholine and of the enzymes for its synthesis and hydro- 


lysis in several insect species is well established (CHapwick and HILL, 1947; 
Lewis, 1953; Lewis and SMALLMAN, 1956; CHEFURKA and SMALLMAN, 1956; 
SMALLMAN, 1956, 1958). It has been suggested that, as in mammals, the insecti- 
cidal action of organophosphorus compounds is due to their anticholinesterase 
properties (MetTcar, 1955; Metcatr, Fukuto, and Marcu, 1958) and consequent 
disturbances in the levels and distribution of substrate (Lewis and Fow er, 1956: 
SMALLMAN, 1958; SMALLMAN and Fiscuer, 1958; Co_Houn, 1958). There is, 
however, also evidence that other esterases than cholinesterases may be important 
in organophosphate poisoning of insects (Lorp and Porter, 1950, 1951, 1954; 
PoTTer et al., 1957; Hopr, 1952, 1954; van AsperEN, 1957, 1958) and this 
prompted the present study on esterase activities in the adult housefly. 


METHODS AND MATERIAL 

All the experiments were done with a normal strain of Musca domestica suscep- 
tible to insecticides. It was reared in the laboratory on a milk powder yeast diet 
at 25°C and 70 per cent relative humidity. Tests were made using homogenates 
of whole flies, heads, thoraces or abdomens. No attempt was made to purify the 


* A part of the experimental work, especially that on the hydrolysis of o-nitrophenylacetate, was 
carried out by Mr. C. H. JANSSEN. 
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enzymes. The following substrates were added to give the initial concentrations 
indicated in the tables: acetylcholine, acetyl-8-methylcholine, butyrylcholine, 
benzoylcholine, methylacetate, ethylacetate, amylacetate, phenylacetate, o-nitro- 
phenylacetate, triacetin, methylbutyrate, ethylbutyrate, and tributyrin. An 
attempt was made to characterize the enzymes—{i) by their distribution between 
the head and the rest of the insect body, (ii) by their sensitivities to inhibition by 
DDVP,* paraoxon,? and eserine, or (iii) by total activities in the presence of single 
and pairs of substrates. 


Esterase activity was usually determined by the Warburg manometric method at 
or 37°C in a total volume of 2-2 ml of solution, containing fly tissue and substrat 
concentrations required, 0-5 M NaCl and 0-025 M NaHCO,. The high concentration of 
NaCl, according to CHapwick, Lovett, and Eoner (1953) and our own experiments 
proved to be favourable for the cholinesterase activity but not for the ali-esterase activity 
In some experiments using methylbutyrate and tributyrin as substrates, therefore, 0-5 M 
NaCl was replaced by 0-15 M NaCl. In our view no striking differences may be expected 
from changing the NaCl-concentration. A gas mixture containing 95 per cent N, and 
5 per cent CO,, was passed over the reaction fluid for some minutes before closing the 
manometers and flasks, the pH during the measurement of hydrolysis and during the 
incubation of homogenates with inhibitors was approximately 7-5 

In some experiments the cholinesterase activity was me asured by the colorimetric 
determination of acetylcholine as described by Hestrin (1949). The hydrolysis of o-nitro- 
phenylacetate was measured by the colorimetric estimation of o-nitrophenol, as described 
by Hopr (1954). If one of the two colorimetric methods was used the enzymatic reaction 
took place in a physiological salt solution containing 0-01 or 0 1 M phosphate buffer pH 
6-9, 0-8 per cent NaCl, 0-04 per cent KCI and 0-032 per cent MgSQ,. As the yellow colour 
of o-nitrophenol is strongly dependent on pH, dilution of the sample for use in the color- 
imeter cell was made with 0-1 M phosphate buffer pH 6-9 and the colour developed com- 
pared with the colour obtained with known amounts of o-nitrophenol at the same pH. 
This procedure was especially necessary in those experiments where the hydrolysis caused 
a considerable change of pH during the reaction, e.g. in those cases where 0-01 M phos- 
phate buffer was used and acid production was high. 

As it was found in the course of our investigations that part of the esterase 
activity is extremely heat-labile, especially in alkaline media, the conditions 
under which the homogenates were prepared and kept will be mentioned wherever 
this may be important for the interpretation of the results. ‘The conditions used 
will be indicated by the letters a, b and c, which are explained below. 

(a) Flies or parts of flies were homogenized in a small type Waring blendor 
in 25 mM bicarbonate-Ringer solution without cooling. The homogenates obtained 
were kept at room temperature until use in the Warburg-experiments, which 
were performed at 37°C. 

(b) Flies or parts of flies were homogenized in a small type Waring blendor 
in water or neutral salt solution with cooling in ice-water. The flasks containing 
the homogenates were kept in ice-water until use. In these experiments bicar- 
bonate was mostly added at the very last moment before measurement of hydro- 
lytic activity, which took place at 27°C. 

* DDVP=0,0-dimethyl O-2,2 dichloroviny! phosphate. 

+ paraoxon = O,O-diethyl O-p-nitrophenyl phosphate. 
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(c) Flies or parts of flies were homogenized in a mortar in phosphate buffer 


pH 6-9, and hydrolytic activity was measured colorimetrically as described above. 


Although no exact measurements on the influence of temperature on hydro- 


lytic rates were made, the available evidence points to an increase between 27°C 
and 37°C of approximately 50 per cent in the case of cholinester-splitting and of 
less than that in the case of methylbutyrate- and tributyrin-hydrolysis. This 


should be taken into account whenever hydrolysis-rates obtained under a- and 
b-conditions are compared. 


EXPERIMENTAL RESULTS 
(4) Relation between activity and substrate concentration 


The rates at which several of the substrates under investigation were hydro- 


lysed by homogenates of heads, thoraces and abdomens, or whole flies are shown 
in Table 1. Data shown on the same horizontal line of the table were obtained 
with a single homogenate. It is, therefore, possible to draw pS ( 


log substrate 


TABLE 1—HyYDROLYTIC ACTIVITY OF HOMOGENATES 
(Activities all expressed in xl CO,/30 min) 


| 


Substrate concentration (micromoles/litre) 


Substrate | Homogenate | Condi- |— - - 
* 
| tions* | 3.8 | 7-5 | 15 | 30 | 60 | 120| 240| 
sion 
Acetylcholine 2 heads a /103| 110 | 112 | 106 | 91) 76 -ji— — 
Acetylcholine | 3 thoraces a | 105 | 108 | 105) 87) 63) 45) — 
Acetyl-/- | 2 heads | a 15} 21 | 24] 30} 30] 26) - 
methylcholine | | | 
Butyrylcholine | 2 heads a | 50} 61 | 77| 62) — | 34 
Benzoylcholine | 2 heads a | 4] 5S] 5 6} 5 5 -- - 
Amylacetate 2 heads a | 5) 16) 35 i- 62 
Triacetin 2 heads a | 38; 60} 90 | 123) 148 | 169| — ~ 
o-Nitrophenyl- | 2 heads a —| — 
acetate 
Phenylacetate fly 
Methylbutyrate fly b 25 : 4/1 
Ethylbutyrate 1 fly b | 9] 21 40 | 85/177 — 351 
Tributyrin | 1 fly b - - | 


* See Section ‘Methods and Material’. 
+ Corrected for ionization of o-nitrophenol (pK,; 7-04); actual CO,-production/30 min/2 
heads 156 pl. 

+ Actual concentration 9 x 10°% M. 


concentration) activity curves for many of the substrates studied. Comparison 
of hydrolysis-rates for different substrates along vertical lines in the table, how- 
ever, is liable to error since the hydrolytic activity of individual homogenates 
may vary to some extent. 
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(B) Distribution in the housefly body 


When two substrates are hydrolysed by the same enzyme it is reasonable to 
expect the distribution of the activities to these substrates over different parts of 
the insect body to be similar. This will not hold, of course, where one of these 
substrates is split by a second enzyme. 

The experimental procedure used was simple. Flies were decapitated and the 
activities shown by homogenates of the heads and by homogenates of the trunk 
(this term indicates thorax, abdomen and all the appendages) were compared. 
In many experiments thorax and abdomen were also separated and their activities 
separately determined. The results can be found in Table 2. 


TABLE 2—DIsTRIBUTION OF HYDROLYTIC ACTIVITY 


(All experiments were performed under b-conditions) 


; Concentration Percentage of total activity 
head thorax trunk* abdomen 
Acetylcholinet 1-5 x 10° 68 | 27 32 5 
Acetyl-/-methylcholine i-5 x 10° 72 28 - 
Butyrylcholine 15x10? 67 — 33 
Triacetin 5 x10" 53 — 47 — 
Phenylacetate 34 66 
Methylbutyrate 48x10? 21 41 79 38 
Tributyrin emulsion 22 36 78 42 
* Trunk = thorax + abdomen. 


+ The data in the table were obtained with the Warburg-manometric method. They could be 
confirmed by experiments in which acetylcholine determinations were made by the colorimetri® 
method described by Hestrin (1949). 


(C) Inhibition-experiments with organophosphates and eserine 

A further means of distinguishing the enzymes may be achieved by the deter- 
mination of the inhibition caused by different inhibitors. The inhibitors used 
are DDVP, paraoxon, and eserine. A few remarks on esterase inhibition by these 
compounds need to be made in advance, since there exist several misunderstandings 
on this subject, which may lead to misinterpretation of the experimental results. 

The organophosphorus compounds are irreversible inhibitors. The inhibition 
by these substances will increase as long as free inhibitor is present. The inhibitor 
molecules will be distributed over different hydrolytic enzymes and, perhaps, 
other proteins, and the degree of inhibition finally obtained for different enzymes 
will depend on their respective affinities for the inhibitor molecules, the rate at 
which inhibition becomes irreversible, and the total amount of inhibitor added. 

In our experiments (Table 3) the time available for the reaction between the 
inhibitor and the components of the homogenate is sufficiently long for the 
inhibitor to be substantially used. Under these circumstances proportionality 
between I;, and homogenate concentration is to be expected. The problems 
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concerned with the kinetics of enzyme inhibition by DDVP have recently been 
dealt with in detailed publications (VAN ASPEREN, 1958a; VAN ASPEREN and 
DEKHUIJZEN, 1958). 

In contrast to the organic phosphates eserine is a reversible inhibitor which 
can be displaced from the enzyme by its substrate even after long incubation periods 
so that the relative affinities and concentrations of inhibitor and substrates are of 
paramount importance whereas the total amounts are of little consequence. 


The following results were obtained : 

(1) The hydrolysis of all substrates studied was strongly inhibited by DDVP 
and paraoxon. Under the experimental conditions used, the I;, values were 
always lower than 10-§ M and in many cases even lower than 10-* M. Suscepti- 
bility to inhibition varies considerably, which makes direct comparison of Iso 
values obtained in different experiments unreliable. As might be expected the 
homogenates of whole flies in general require higher inhibitor concentrations 


than those of fly-heads to obtain a given inhibition. 

Evidence was obtained that even high concentrations of DDVP and paraoxon 
are unable to give full inhibition of hydrolysis if o-nitrophenylacetate is used as a 
substrate. Only about 70 per cent inhibition of trunk homogenates was obtained 
with 10-7 or 10-* M concentrations of these organophosphates. Probably, there- 


fore, part of the hydrolysis of this substrate is brought about by some 


TaBLE 3—INHIBITION OF HYDROLYSIS By DDVP 


Incubation time 1-5 hr. Experiments 1-4 were performed under a-conditions; 


Experiment 5 was performed under c-conditions 


Substrate | Homo- | Activity | Inhibitor-concentrationt | No. of 
genate | (ul CO,/30 min) | and percentage inhibition | experiment 
| | | 
heads | 
Acetylcholine 25 156 11-5 62 | 89 | 1 
Butyrylcholine 2 115 96 | 


69 | 3x10" 


Acetylcholine 


6 | 10° | 56|2x10° 
lriacetin 2 


| 90 


Nm 


| 


Acetylcholine 2 129 | 10° | 58] | 

Acetyl-/- | | 3 
methylcholine 6 93 | 3x10° | 51 | 

3enzoylcholine 12 31 6 10°° 52 


10-9 x 10%} 50 | 4 


Acetylcholine 3 | 
Amvylacetate 3 94 11-010! 50 | | 
Acetylcholine | 54|]2x10*| 81 | 5 
o-Nitropheny!l- 1 0-9* | 59} 80 | 


acetate 


* Activity expressed as » moles/30 min. 
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In moles /litre 
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organo-phosphate-resistant enzyme. This confirms the findings of MeTcacr et al., 
(1955) as to the presence of an organophosphate insensitive ‘aromatic esterase’. 

(2) When two substrates are hydrolysed by the same enzyme, the inhibition 
caused by a certain amount of inhibitor will be equal, provided the homogenate 
concentrations used in the experiments are equal. The inhibition values were, 
therefore, compared for pairs of substrates (Table 3). 

(3) Inhibition studies with eserine gave the following results. The I, value 
for the hydrolysis of acetylcholine proved to be approximately 5 x 10-* M, whereas 
the I;) value for the hydrolysis of methylbutyrate and tributyrin was higher than 
2x 10-*M. A large number of experiments were performed in which the inhibition 
of hydrolytic activities to different substrates by high concentrations of eserine 
(10-*-10-® M) was measured. The results are shown in ‘Table 4. 


TABLE 4—INHIBITION OF HYDROLYSIS BY ESERINE 


Eserine- 
Concen- Condi-| Activity | concen- | Inhibition 
Substrate tration | Homogenate | tions | (ul CO,/ | tration | (per cent) 
(moles 30 min) | (moles 

litre) litre) 


whole flies 100 


to 


Acetylcholine 
Acetyl-f-methyl- 
choline 
Butyrylcholine 
Triacetin 
Triacetin 
Amylacetate 
Methylacetate x10" 
Ethylacetate x10" 
Phenylacetate 
Phenylacetate «10% 
Phenylacetate 
o-Nitrophenylacetate 6x 10° 
o-Nitrophenylacetate 6x 10° 
o-Nitrophenylacetate ‘6 x 10° 
o-Nitrophenylacetate 2x10°* | 0-4 heads 
o-Nitrophenylacetate 2x10* | 0-4 trunk* 
o-Nitrophenylacetate 4x10°* | 0:5 heads 
o-Nitrophenylacetate | 0-5 trunk* 
Methylbutyrate 48x10? whole fly 
Tributyrin emulsion | 3 trunk* 
Tributyrin emulsion | 3 trunk* 


whole flies 
whole flies 
whole flies 
trunk* 
whole flies 
whole flies 
whole flies 
whole fly 
trunk* 
heads 
trunk* 
heads 
abdomen 


ce > | 


* Trunk = thorax + abdomen. 


+ Activity expressed as » moles/30 min. 


{ Data obtained in the same experiment. 


(D) Summation experiments 


Experiments in which one homogenate is allowed to act on a mixture of two 
substrates may be used to decide whether one enzyme acts on both substrates or, 
if there are two enzymes, one for each substrate. Due attention, however, should 


4 

4 

10 97 

70 10° 100 

186 10° 68 a 

91 10-6 +4 

114 10° 49 >t 

79 10° 8 

66 15 | 

215 10° 20 a 

143 10° i. 

149 10-8 64 f* 

= a 69 25 

a 90 10° 87 

a 21 10 31 

11+ | 10* is ft 4 

0-4+ | 10° 88 1, a 

lit | 23 ft 

b 352 10° 3 

a 90 10°* 12 
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be paid to possibilities such as cross-inhibition (GoLpsTEIN, 1954) and to the 
etfect of substrate concentration. Lack of summation is evidence in favour of the 
occurrence of only one enzyme splitting both substrates, but it is no definite 


proof for it. Summation of activities may be considered as an indication for the 


presence of two enzymes only when near-saturation substrate concentrations are 
used. 
The experimental results are to be found in the ‘Tables 5 and 6. 


TABLE 5—SUMMATION EXPERIMENTS WITH PAIRS OF SUBSTRATES 
All experiments were under a-conditions, except Experiment 9 where b-conditions were 
used. All activities expressed in ul CO,/30 min; concentrations in moles/litre. 


Nc 


Experiment 


2-4 heads | Acet line-con 10 1S «10% 
But ne-cone 10 10 
Act ty 126 142 4 a4 76 
2-4 heads Acet line-con 10" 15% 10 10 
Butyrylcholine-con 1S 10" 1510" 15% 10 
Activit 29 161 24 4 5 
2-4 head Acet ne-com 10° 4561 12+ 10' 45.10 
Butyr ne-con 1-5 «10 
Activit 81 122 67 1 
le 
2-4 heads | Acc ‘ 10°* 10 
Ber line-con 15 10 10 1-3 10 10 
4 
Activit 135 > ) 76 29 11 4 
2-4 heads | Acetylcholine-con 1-5 « 10 10" 15610" 15% 10 
5 
Activity 15! 48 $0 15 112 88 
2 ead ‘ oline 1-5 1.5 1-5 10 
4 
Act 14. 106 1¢ 1% 112 
Activit 126 128 128 121 
2-0 heads | A e-con 15% 10 
Activit 135 10 130 
2-5 heads | Acet ne-con 1 
Met ityrate-cor 4810 
2-0 heads | Acetylcholine-cor 15 10 a 
Activit 119 63 107 
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The experiments shown in Table 6 allowed of a calculation of the hydrolysis of 
both substrates (acetylcholine (ACh) and o-nitrophenylacetate (NPA) ) separately, 
since NPA-hydrolysis was measured by the colorimetric determination of o- 
nitrophenol and the total hydrolysis by the Hestrin-method. ‘The part of the 
two substrates in the total hydrolysis is shown in the last vertical column of 
Table 6. 


TABLE 6—SUMMATION EXPERIMENTS WITH ACETYLCHOLINE AND 0-NITROPHENYLACETATE 


Experiments performed under c-conditions 
All activities expressed in «x moles/30 min; concentrations in moles/litre 


107 


0-5 heads *ACh-conc. | 10° 
*NPA-conc. | | 10° 2x10° 10° 
| | | 45 ACI 
Experiment | Activity | 0-72 0-85 | 057 | 0-60 0-76 ; 
O31 NPA 
| 0-72 ACh 
Experiment 2 Activity 0-90 1-16 | 0-70 0-70 1-08 
0-36 NPA 
* ACh Acetyicholine 
o-Nitrophenylacetate. 
(E) Additional experimental observations 
Some observations which are of great importance for the present subject 


need be mentioned here, though it is hoped to publish a more detailed study in a 
separate paper. 


TaBLe 7—Loss OF HYDROLYSING CAPACITY OF HOMOGENATES 


Homogenates prepared in Bicarbonate-Ringer* 


Substrates: MB~— Methylbutyrate; TB Tributyrin 
Sub- Activity? Temperature} Percentage of activity left after 
Homogenate | strate | («ul CO,/30 min) (C)! 
5 min | 15 min | 60 min | 120 min 

1 whole fly MB 364 XN ss 27 
3 whole fhes rB 410 26 83 46 39 
1 whole fly MB 24 18 15 
3 whole flies TB 369 36 $5 44 38 

* Bicarbonate-Ringer contains 0-5 M NaC! and 0-025 M NaHCO,; pH of the homogenate is 
approximate! 

Activities measured at 27 ( ind pH 7°5 


‘Temperature at which the homogenates are kept for the periods indicated 


(1) The capacity of housefly homogenates to hydrolyse acetylcholine remains 


constant for at least several hours at 37°C 


1 per cent of its hydrolysing activity to acetylcholine if kept 2 hr at 37°C 


\ homogenate of whole flies lost only 


Keeping 


a homogenate for 24 hr at room temperature (ca. 20°C) caused only 4 per cent 


loss of activ ity. 
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The capacity of homogenates to split methylbutyrate or tributyrin, however, 
was found to decrease very rapidly (Table 7). Heating to 50°C reduced the 
hydrolytic activity of a whole fly homogenate to methylbutyrate (340 ul 
CO,/30 min) to 69 per cent, 28 per cent, 16 per cent, and 4 per cent 
after 1, 2 4, and 8 min respectively. One minute heating to 100°C 
destroyed all activity. 

All data as given refer to experiments in which the homogenates were 
prepared in physiological salt solutions containing 0-025 M sodium bicarbonate. 
These homogenates, therefore, were slightly alkaline. When 5 per cent CO, 
95 per cent N, gas mixture was passed over the ‘ bicarbonate-Ringer-homo- 
genates ’ with consequent lowering of pH, the inactivation at 37°C was very 
much slower. The inactivation rate was also much lower when the homogenates 
were prepared in neutral salt solutions. Most probably, therefore, the rate of 
inactivation is strongly dependent upon the concentration of hydroxyl-ions in 
the medium. Almost no inactivation took place if methyl butyrate was added to 
the homogenate. This could be due to a protective effect of the substrate, but the 
hydrolysis of the methylbutyrate causes a rapid fall in pH which would also 
account for the increased stability. 

These observations, made in the course of our experimental work on the 
present subject, induced us to change our techniques of preparing and keeping 
the homogenates as described before, see method (b) instead of method (a). 

(2) A second point, which held our attention, was the absence of proportion- 
ality between homogenate concentration and hydrolytic activity in many experi- 
ments with methylbutyrate and tributyrin. At low homogenate concentrations 
the activity was much less than would be expected assuming proportionality. 
This may be illustrated by the results of some typical experiments on methyl- 
butyrate hydrolysis. A whole fly homogenate when diluted 4 and 8 times showed 
only 7 per cent and 1 per cent of the activity of an undiluted sample (activity 
287 ul CO,/30 min) respectively. When flyhead homogenates containing 6, 4, 
3, 2, and 1 heads per ml were compared the activities («] CO,/30 min) proved to 
be 416, 272, 196, 128, and 38 respectively. ‘These findings were qualitatively con- 
firmed in several other experiments. The degree of disproportion, however, varied 
a great deal. 

No such disproportion has ever been found in experiments on the hydrolysis 
of choline-esters. ‘This phenomenon has always been taken into account in those 
experiments in which distribution of activity over different parts of the insect 
body was studied. 


DISCUSSION AND CONCLUSIONS 


From the data given in Tables 2 and 4 on distribution in the insect body and 
on inhibition by eserine it is clear that at least two different enzymes must be 
concerned in the hydrolytic processes studied. 

Four arguments may be adduced in support of the view that all choline-esters 
are hydrolysed by one and the same enzyme, which in general has the characteristic 
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properties of the specific cholinesterase as found in mammalian brain and ervthro- 
cytes (AUGUSTINSSON, 1950). 

(1) The hydrolysis of all choline-esters studied is inhibited by excess substrate. 
The rather high activity to butyrylicholine as compared to acetylcholine consti- 
tutes a clear deviation from the main pattern of true mammalian cholinesterase 
and suggests the occurrence of a second, non-specific, cholinesterase, such as 
the pseudo-cholinesterase of mammalian blood plasma. This suggestion is 
supported by the finding of Mercatr, Marcu, and Maxon (1955), that the ps- 
activity curve for the hydrolysis of butyrvlcholine is S-shaped. The absence of 
auto-inhibition found by these authors was not confirmed, however. by WoLrr 
and SMALLMAN (1956) and is in contradiction with our own results 

(2) The distribution of the hydrolysing activities to different choline-esters in the 
housefly body is strikingly similar (Table 2). It is distinctly different from that 
found for the other esters mentioned in ‘Table 2, particularly that for methyl- 
butyrate and tributyrin. 

(3) The hydrolysis of different choline-esters is equally inhibited by DDVP and 


eserine (see ‘lable 3, experiments | and 3, and ‘Table 4). A correct interpretation 


of the results of Experiment 3 (‘Table 3) should take account of the proportionality 


of the inhibitor concentrations required and the homogenate concentrations used. 
The hydrolysis of the choline-esters studied was invariably nearly 100 per cent 
inhibited by high concentrations of eserine (Table 4). In contrast with this the 
inhibition of the hydrolysis of all other substrates was much less. The data 
reported here irrefutably prove that no eserine-resistant enzymes are concerned 
with the hydrolysis of any of the choline-esters under investigation. 

(4) None of the summation-experiments on pairs of choline-esters showed any 
summation of hydrolytic activities (see ‘Table 5, experiments 1-5). As pointed out 
before this is no absolute proof that only one enzyme is involved, but it may be 
considered as strong evidence in favour of this view. 


A serious drawback of the a-conditions in preparing the homogenates used in the 
experiments shown in Table 5 lies in the possible inactivation of esterases, such as those 
hydrolysing methylbutyrate and tributyrin. If such labile esterases should take part in the 
hydrolysis of any of the choline-esters, this would not necessarily appear from the results of the 
summation-experiments. ‘The stability of the acetylcholine hydrolysing capacity of homo- 
genates proves that no labile esterases are concerned with the splitting of this substrate. 


The available evidence thus points to one single enzyme being responsible 
for the hydrolysis of all choline-esters. ‘This enzyme will henceforth be indicated 
by the name cholinesterase. 

Some further conclusions with regard to affinities between the cholinesterase 
and different choline-esters can be drawn from the data in Table 5. 

(a) The first three experiments clearly show that butyrylcholine is hydrolysed 
more slowly than acetylcholine at substrate concentrations which are near optimal 
(see also Table 1). ‘This must be due to a lower turnover number for butyryl- 
choline- than for acetylcholine-hydrolysis. ‘This lower turnover number, how- 
ever, is attended by a much higher affinity for the enzyme, as is clearly brought 
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out by the results of those experiments in which both substrates are used simul- 
taneously. ‘The hydrolytic rate then found is almost equal to that observed with 
butyrylcholine alone, indicating a nearly complete displacement of acetylcholine 
from the active surface of the enzyme by butyrylcholine, acting in this case as 
an inhibitor. ‘This only occurs when both compounds are used at approximately 
optimal substrate concentrations. If the concentration of acetylcholine is raised, 
it is better able to compete with butyrylcholine and the hydrolysis rate is equal to 
or even lower than that for acetylcholine alone, which, as a consequence of auto- 
inhibition, is then very low. These findings are in full agreement, at least qualita- 
tively, with the findings of BERGMANN and SuHIMoni (1953) concerning the electric 
eel cholinesterase. 

(b) Unlike butyrylcholine, benzoylcholine is not hydrolysed at an appreciable 
rate. However, its affinity to the enzyme, like that of butyrylcholine, is distinctly 
higher than that of acetylcholine. From the results of Experiment 4 it may be 
calculated that 50 per cent inhibition of acetylcholine hydrolysis (at an acetyl- 
choline concentration of 1-5 x 10-? M) is obtained with approximately 0-5 x 10-2 M 
benzoylcholine. At equal concentrations of both choline-esters (1-5 x 10-2 M) the 
inhibition amounts to 79 per cent, roughly indicating the ratio of the affinities for 
benzoylcholine and for acetylcholine to be about 4. A similar inhibition by 
benzoylcholine, though much weaker, has also been described by LEHMANN and 
SILK (1955) for human red cell cholinesterase. 

(c) ‘The results of Experiment 5 show that the affinity of acetyl-8-methylcholine 
to the cholinesterase is somewhat less than that of acetylcholine. The much 
lower rate of hydrolysis obtained with acetyl-8-methylcholine as compared to 
that with acetylcholine (see also Table 1) in our view, cannot be explained, how- 
ever, by this rather small difference in affinity. 

Vethylbutyrate and tributyrin are hydrolysed by some enzyme other than the 
cholinesterase. ‘The arguments in favour of this view may be summarized as follows: 

(1) The distribution of the methylbutyrate- and tributyrin-splitting capacity 
in the body is distinctly different from that of the cholinesterase (see Table 2). 

(2) The capacity of homogenates to split methylbutyrate and tributyrin is 
greatly reduced under conditions (temperature 37°C, slightly alkaline medium) 
which do not affect the activity of the cholinesterase. 

(3) Eserine concentrations completely inhibiting the cholinesterase activity do 
not appreciably affect the hydrolytic breakdown of methylbutyrate and tributyrin 
(see Table 4). 

This eserine-resistant and heat-alkali-labile enzyme will be referred to as 
the alt-esterase (METCALF, MAxon, FukutTo, and Marcu, 1956). 

The Experiments 7-9 of ‘Table 5 give some information on the possibility of 
cross-inhibition, i.e. inhibition of the cholinesterase and the ali-esterase by each 
other’s substrates. In the Experiments 7 and 8 the ali-esterase activity, most 
probably as a consequence of heat-alkali-inactivation (a-conditions), is very low, 
which greatly facilitates the interpretation of the results. These possibly point 
to a weak inhibition of the cholinesterase-activity by the presence of high 
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concentrations of methylbutyrate. In Experiment 9 (6-conditions) an obvious but 
incomplete summation of hydrolytic activities was observed. This points to a 
weak inhibition of either enzyme by the substrate of the other. 

It may be questioned whether there is only one ali-esterase concerned with 
the hydrolysis of methylbutyrate and tributyrin. Heat-alkali-inactivation experi- 
ments not reported in this paper indicate that possibly two or even more enzymes 
are present with slightly different properties, for example with respect to substrate 
preference. In our view, this possibility is of only little importance for the present 
subject and we feel ourselves justified, therefore, to deal with the hydrolytic 
activity to methylbutyrate and tributyrin as if brought about by one ali-esterase. 

Now that the occurrence of two esterases with distinctly different substrate 
specificities has been established, the problem arises as to whether it is possible 
to explain the hydrolysis of the other substrates studied by the action of these 
two esterases. 

(1) Methylacetate. ‘The hydrolysis-rate, even at very high concentrations, is 
low (‘Table 4+). Only 8 per cent of the activity of whole fly homogenates is inhibited 
by 10-° M eserine. This result could most easily be explained by ascribing a 
small part of the activity to the eserine-sensitive cholinesterase and the remainder 
to the action of the eserine-resistant ali-esterase. ‘The activity of the cholinesterase 
to methylacetate must be very low. 

(2) Ethylacetate. What has been said with respect to methylacetate also applies 
to ethylacetate (‘Table 4). Cholinesterase activity to this substrate is very low and 
accounts for a small part only of the total hy drolytic activity. 

(3) Amylacetate. ‘This is hydrolysed much faster than methyl- and ethyl- 
acetate (‘lable 4). Probably most of the activity reported for the heads (Table 
1) is due to the cholinesterase, especially since we were unable to demonstrate 
any appreciable ali-esterase activity in the heads under the a-conditions used in 
this experiment. This view is confirmed by the data given in Table 3, Experi- 
ment 4 (equal I;, values for DDVP-inhibition for acetylcholine and amylacetate) 
and by those given in Table 5, Experiment 10 (no summation of activities to 
acetylcholine and amylacetate). ‘The results of an eserine inhibition experiment 
on whole fly homogenates (Table 4, b-conditions), however, clearly show that 
only about one half of the total hydrolytic activity is due to the cholinesterase 
and the other half to the action of an eserine-resistant esterase, at least if an amyl- 
acetate-emulsion (saturated solution contains about 1-4 x 10-2 Mol/l., at 18°C) is 
used. It is still uncertain whether this latter esterase is identical with the ali- 
esterase mentioned before. 

(4) Triacetin. ‘This substrate is very well split by flyhead homogenates, at 
high concentrations even faster than acetylcholine (Table 1). The data obtained 
in the DDVP-inhibition experiment (Table 3, 2) and the substrate-summation 
experiment (‘Table 5, 6) suggest this activity to be mainly due to the cholinesterase. 
Calculation of the distribution in the body of the eserine-sensitive part of the 
hydrolytic activity from the data given in Table 4 shows that 68 per cent is present 
in the head and 32 per cent in the remainder of the body. This confirms the 
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idea that triacetin-hydrolysis is for a major part brought about by the cholin- 
esterase. The data in Table 4 also show that part of the hydrolytic activity to 
triacetin must be due to some eserine-resistant esterase, for which the distribution 
between the heads and the remainder of the body can be calculated to be in the 
proportion of fifteen to eighty-five, which is reasonably similar to that found 
for the ali-esterase. 

Summarizing, it can be concluded that, if triacetin is used in 5x 10°? M 
concentration, the hydrolysis is performed by a, the cholinesterase in the head, 
b, the cholinesterase in thorax and abdomen, c, the ali-esterase in the head, and 
d, the ali-esterase in thorax and abdomen, to the extent of 46, 22, 5 and 27 per 
cent respectively. 

(5) Phenylacetate. ‘Vhis substrate has been intensively studied by Lorp and 
Potter (1954), who concluded that its hydrolysis in a number of insect species 
is brought about by an esterase which is distinctly different from the cholines- 
terase. Our experiments show that the hydrolysis of phenylacetate by housefly 
homogenates, even at rather low substrate concentrations, proceeds rapidly 
(Table 1) and that part of it is inhibited by 10-° M eserine (‘Table 4). Calculation 
of the distribution of the eserine-susceptible activity gives values of 67 per cent 
for the heads and 33 per cent for thorax and abdomen. Apparently this activity 
is due to the cholinesterase. ‘The major part of the hydrolysis by whole fly homo- 
genates, however, has to be ascribed to an eserine-resistant enzyme, of which, 
according to calculation from the data in Table 4, 18 per cent is present in the 
head and 82 per cent in the remainder of the body. This suggests this enzyme 
to be identical with the ali-esterase mentioned before. Most probably, therefore, 
phenylacetate is split both by the cholinesterase and by the ali-esterase, the latter 
enzyme being, at least quantitatively, the most important. 

(6) o-Nitrophenylacetate. Horr (1954) studied the hydrolysis of this ester 
by homogenates of the thoracic nervous system of Locusta migratoria. He con- 
cluded that possibly one ‘acetylesterase’ is responsible for the breakdown of 
o-nitrophenylacetate and acetylcholine and found no evidence for the existence 
of a specific acetylcholinesterase. 

The present investigations permit the following conclusions. 

(a) ‘The hydrolytic activity of flyhead homogenates to o-nitrophenylacetate is 
high (Table 1). Results of experiments with flyhead homogenates, not reported 
in this paper, point to a marked independence of the activity of the substrate 
concentration, e.g. lowering the concentration from 2x 10-* M to 2-5 «10-4 M 
caused a decrease of only some 20 per cent or less of the hydrolytic rate. ‘This 
shows that even at very low concentrations the hydrolytic enzyme is nearly 
saturated with the substrate. This is confirmed by the data given in Table 6 
for the hydrolysis of o-nitrophenylacetate at 10-* and 2 x 10-* M concentrations. 

(6) According to the data of ‘Table 4 a part of the hydrolysis is performed by 
some eserine-sensitive enzyme. Calculation shows that 70 per cent of this enzyme 
is present in the head and 30 per cent in thorax and abdomen, which points to 
its identity with the cholinesterase. Further evidence for this view can be got 
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from Experiment 5 of Table 3 with flyheads, which shows about equal inhibition 
of acetylcholine- and o-nitrophenylacetate-hydrolysis by DDVP. 

(c) There can be no doubt as to the occurrence of an eserine-resistant esterase 
splitting o-nitrophenylacetate, which according to the data in Table 4 (c-condi- 
tions) is mainly present in thorax and abdomen (calculation in one experiment 
gives a value of 83 per cent, in another 94 per cent). The hydrolysis in thorax 
and abdomen may thus be due to the ali-esterase mentioned before, but the 
evidence is not conclusive. 

According to the data given in the previous section there also exists an organo- 
phosphate-resistant enzyme splitting o-nitrophenylacetate. 

(d) The results of two summation experiments with head homogenates are 
shown in Table 6. The colorimetric techniques used there made it possible to 
determine the two substrates separately, since the sum of acetylcholine and o- 
nitrophenylacetate can be estimated by the Hestrin-method (equimolecular 


solutions of these two compounds give equal colour intensities in this method), 


whereas the amount of o-nitrophenylacetate can be obtained by a colorimetric 
determination of o-nitrophenol. 

The competition of acetylcholine and o-nitrophenylacetate for the cholin- 
esterase is clearly demonstrated by the distinctly lower acetylcholine-hydrolysis 
in the presence of o-nitrophenylacetate. According to the inhibition of the hydro- 
lysis of o-nitrophenylacetate by acetylcholine the same applies to the enzyme 
splitting o-nitrophenylacetate. It is probable, therefore, that both substrates are 
hydrolysed by the same enzyme—cholinesterase. 

Adding up all the evidence on 0-nitrophenylacetate, the most plausible con- 
clusion seems to be that the hydrolysis of o-nitrophenylacetate in flyhead homo- 
genates is largely performed by the cholinesterase and that in homogenates of 
thoraces and abdomens mainly by some other enzyme which possibly is identical 
with the ali-esterase. 

(7) Ethylbutyrate. The rate of hydrolysis by whole fly homogenates proved to 
be about similar to that of methylbutyrate at equimolecular concentrations (see 
Table 1). It is believed that ethylbutyrate splitting is accomplished by the ali- 
esterase, but experimental proof for this view is lacking. 

Surveying the results obtained with the seven substrates, the following state- 
ment can be made. All acetic acid esters studied are hydrolysed by the cholin- 
esterase. ‘The hydrolytic rate is low for the short chain acetates, such as methyl- 
and ethylacetate, but increases with increasing size of the alcoholic (or phenolic) 
portion of the substrate molecule. ‘This may possibly be explained by assuming 
that the cholinesterase prefers those substrates, of which the dimensions are 
approximately equal to those of acetylcholine. The affinity of the cholinesterase 
for o-nitrophenylacetate is remarkably high and may be about equal to that for 
acetylcholine. Though arguments may be adduced for using the term ‘acetyl- 
esterase’ (Hopr, 1954) rather than cholinesterase, we believe that the latter is 
preferable on historical grounds as well as for the reason that choline-esters, including 
butyrylcholine, are exclusive substrates with very high affinities to this enzyme. 
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Although the ali-esterase found in houseflies may provisionally be defined as 
the enzyme capable of splitting methylbutyrate, it must be stressed that much 
higher rates of hydrolysis are obtained with phenylacetate, at least if comparison 
is made at the same molar substrate concentrations. As outlined above, several 
other acetates are also appropriately split by the ali-esterase. 

Summing up once more it seems justifiable to ascribe most of the hydrolysis 
of all substrates studied to the action of two enzymes, which may be indicated 
by the names cholinesterase and ali-esterase. 


SUMMARY 

The hydrolytic activity of homogenates of whole houseflies or parts of house- 
flies has been investigated. The substrates used were : acetylcholine, acetyl-f- 
methylcholine, butyrylcholine, benzoylcholine, methylacetate, ethylacetate, amyl- 
acetate, triacetin, phenylacetate, o-nitrophenylacetate, methylbutyrate, ethyl- 
butyrate, and tributyrin. 

Most probably the hydrolytic activities towards the different substrates studied 
can be explained by the action of two main enzymes, a cholinesterase and an ali- 
esterase. ‘The properties of the cholinesterase are more or less comparable to 
those of the so-called true cholinesterase as found in the nervous system and 
red blood cells of vertebrates. It is completely inhibited by 10-* M concentra- 
tions of eserine, whereas the ali-esterase is eserine-resistant. The inhibition by 
eserine thus constitutes a reliable means for distinguishing the two enzymes. 
It was further shown that the ali-esterase is rapidly inactivated at 37°C in slightly 
alkaline media, e.g. 0-025 M _ bicarbonate-solution in air, whereas the cholin- 
esterase is not affected by these conditions. 

The following conclusions can be drawn : 

(1) The distribution in the housefly of the cholinesterase and the ali-esterase 
is distinctly different. ‘The cholinesterase is mainly found in the head (70 per 
cent) and much less in thorax (25 per cent) and abdomen (5 per cent). The ali- 
esterase 1s mainly found in thorax (ca. 40 per cent) and abdomen (ca. 40 per cent), 
and for a minor part only in the head (ca. 20 per cent). 

(2) All choline-esters studied are hydrolysed by the cholinesterase only. 
Hydrolytic rates decrease in the order acetvicholine. butyrylcholine, acetyl-f- 
methylcholine, and benzoylcholine. Butyrylcholine and benzovlcholine show 
greater affinity to the enzyme than acetylcholine, whereas the affinity of acetyl-8- 
methylcholine proved to be somewhat lower than that of acetylcholine. Inhibition 
by excess substrate was shown to occur for the hydrolysis of acetylcholine, butyryl- 
choline and acetyl-8-methylcholine. The rate of hydrolysis of benzoylcholine 
was so small that no reliable results as to the occurrence of auto-inhibition could 
be obtained. 

(3) Methylbutyrate and tributyrin are hydrolysed by the ali-esterase only. 
There may possibly be two or even more ali-esterases with slightly different 
properties involved in their hydrolysis. The evidence for this, however, is still 
rather weak and no detailed study of this problem was made. 
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(4) All other substrates, ethylbutyrate most probably excepted, were hydro- 
lysed partly by the cholinesterase and partly by the ali-esterase. ‘There is some 
evidence that o-nitrophenylacetate-hydrolysis is partly due to an organo-phosphate- 
resistant enzyme distinct from the two esterases mentioned above, which are both 
inhibited by low concentrations of DDVP and paraoxon. 
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A STUDY OF ACID PHOSPHATASE OF THE MOSQUITO 
AEDES AEGYPTI L.* 


EDWARD N. LAMBREMONT 
Department of Zoology and Entomology, The Ohio State University, ColumbusT 


(Received 17 November 1958) 


Abstract— Acid phosphatase has been studied in total homogenates of adult females of 
Aedes aegypti L. Acid phosphatase when studied on disodium §8-glycerophosphate 
possesses the following characteristics: soluble in water; confined to the supernatant 
fraction of centrifuged homogenates; kinetics zero order; pH optimum 4-6—5-3; 
temperature optimum 45°C ; Q,, 2°13 (25—35°C); activated by Mg (optimum 0-08-0-16 
M); Ca, Co, and Fe; inhibited by Mg (0-30 M or higher), fluoride, azide, and oxalate. 


INTRODUCTION 

Tue need for more detailed studies of the physiology of senescence has been 
emphasized by several of the better known contemporary gerontologists and 
prompted the writer to undertake a study of aging in adults of the yellow fever 
mosquito, Aedes aegypti L. Since the enzyme acid phosphatase is known to 
play important roles in intermediary metabolism, it was planned to study the levels 
of activity of this enzyme in adults of different ages as a possible indication of 
physiological aging. Although several papers had been published by other workers 
studying alkaline phosphatases, it was apparent early in the investigation that 
very little information was available concerning acid phosphatase in insects, and 
it was decided to postpone the aging studies until a biochemical characterization 
could be completed. This paper presents the findings of the biochemical studies 
of acid phosphatase as it reacts upon disodium §-glycerophosphate in total homo- 
genates of adults of this species. ‘The results of studies of physiological aging are 
to be presented elsewhere. 


MATERIALS AND METHODS 
The methods used for obtaining a large number of homogenous adults of this 
species have been outlined by BurcHaM et al. (1956) and were used for the present 
study. 
From preliminary experiments it was determined that the peak of acid phos- 
phatase activity occurred within 24 hr after emergence. A cage containing an 
emergence tray of approximately 1200 pupae, all of which had been reared at the 


* Part of a dissertation presented to the Graduate School of The Ohio State University in partial 
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same time and under uniform laboratory conditions (80°F, 45 per cent relative 
humidity), was maintained in the rearing room, and the tray was removed every 
24 hr and transferred to an empty cage. ‘The emerged adults were maintained on 
10 per cent sucrose solution. ‘The mosquitoes which had emerged were killed by 


placing the entire cage in the deep freezer at 20°C, which resulted in almost 
immediate inactivation, with freezing following within several minutes. The 
frozen adults were stored in the deep freezer until used. 

By preliminary experiments it was determined that a homogenate containing 
the equivalent of 16 mosquitoes per millilitre would be sufficiently concentrated to 
release inorganic phosphate in amounts easily detectable by the quantitative 
capabilities of the equipment available. Hence, that concentration was maintained 
except for those experiments dealing with the effects of homogenate concentration 
itself. Only adult females were used. No attempt was made to select only perfect 
specimens, or to use only the larger ones, and it was assumed that all the mosquitoes 
taken from the cage had actually died in the freezing process. Since there was a 
very small amount of tissue in the legs, the absence of appendages was not cause 
to reject a specimen. Gonpa et al. (1957), working with particulate fractions of 
Aedes aegypti, concluded that the largest portion of all oxidative enzyme activity 
was located in the thorax, presumably in the flight muscles. They decided that the 
large numbers of mosquitoes necessary for the preparation of enzyme source made 
the isolation of thoraces impracticable. Although it is often difficult to make 
absolute determinations about enzymes being studied in total homogenates, or to 
characterize them on the basis of only one or two co-factors, the convenience of 
employing the homogenate technique with such small insects was deemed advisable. 

The frozen adults were homogenized in a Teflon-pyrex tissue grinder in an ice 
bath, with a small amount of ice-cold, demineralized water. Grinding was con- 
tinued for exactly 3 min. ‘The homogenates were then filtered through a Gooch 
crucible fitted exactly with a disk of uniform weight, thickness, and diameter, 
cut from a large sheet of compressed fibre glass. The pestle and grinding tube were 
washed with a small volume of cold, demineralized water, and this was added to 
the filtering disk to obtain the desired volume. Filtered homogenates were 
returned to the freezer until time for use. 

Acid phosphatase was assayed using a slight modification of the method of 
RocksTEIN and HERRON (195la) and RocksTeIn (1956a, 1956b) by combining 
the following reagents: 0-75 ml of 0-8 M MgCl,, 0-90 ml of 0-33 N acetic acid, 
0-60 ml of molar Na, 8-glycerophosphate prepared in 0-848 per cent sodium 
barbital, and two small drops of chloroform. This mixture will be referred to as 
the basic reaction mixture. ‘The pH of the reaction mixture was 5-4. One and 
one-half millilitre of freshly thawed cold homogenate was pipetted into the mixture, 
which was agitated vigorously for a few seconds. Immediately, 1-25 ml of the 
total reaction mixture was removed and added to a tube containing 0-25 ml of 30 
per cent trichloroacetic acid (TCA) as a zero time control. Incubation was 
conducted for exactly 30 min (plus or minus 15 sec) in a water bath at 35°C. 
After incubation, 0-50 ml of ‘TCA was added to the reaction tube, and the zero 
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time and activity tube contents were filtered through Whatman No. 42 paper. 
Aliquots (0-2 ml) of the deproteinized filtrates were used to determine the zero 
time and the enzymatically-released orthophosphate. 

Assay of released orthophosphate followed RocksTeIN and HERRON (1951b). 
Activity is expressed as net increase (activity minus zero time control) in optical 
density (O.D.) at 720 my of 0-2 ml of final deproteinized reaction mixture. 


RESULTS AND DISCUSSION OF BIOCHEMICAL CHARACTERIZATIONS 

Location of activity in fractions of centrifuged homogenates. Six millilitres of 
homogenate were pipetted into a chilled centrifuge tube and spun at 3000 g in a 
Sorvall angle-head centrifuge at 1-3°C. The supernatant fraction was decanted 
and retained for later use. The solid fraction was dispersed in 6 ml of cold water, 
again sedimented by centrifuging, resuspended in 6 ml of cold water, and retained 
for further analysis. Aliquots of the first supernatant, and washed and resuspended 
particulate fractions, were used in assaying for enzyme activity according to the 
basic reaction mixture. 

The results clearly indicated that the activity was in the supernatant or soluble 
fraction, and a trace amount of activity found in the solid fraction was attributed to 
insufficient washing. Thus, as far as solubility is concerned, the acid phosphatase 
of Aedes aegypti is identical with that of the classical vertebrate enzyme. 


| 


Fic. 1. Kinetics of acid phosphatase. 


Kinetics of enzyme action, At intervals of 10, 15, 20, 25, and 30 min aliquots 
were removed from the basic reaction mixture and assayed for orthophosphate 
released in relation to duration of incubation. 
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The results are presented in Fig. 1 and clearly indicate that the reaction was of 
the zero order. These results are similar to those of FITZGERALD (1949) for alkaline 
phosphatase in the eggs of the grasshopper Melanoplus differentialis, and to results 
obtained by RocksTEIN (1956a) who used total homogenates of housefly adults, 
and to honey bee acid phosphatase data reported by RocksTEIN and HERRON 
(1951a). RocksTEIN (1956a) found that a zero order reaction was maintained for 
approximately 40 min by alkaline phosphatase, after which time the reaction began 
approaching the first order. According to FitzGeraLp (1949), the zero order 
reaction was maintained for more than 1 hr in eggs of M. differentialis. 

Effect of varying enzyme concentration. Homogenates of the following strengths 
were prepared: 24, 12, 8, and 4 adult female Aedes per millilitre. ‘These were used 
in basic reaction mixtures from which aliquots were removed at 0, 10, 15, 20, 25, 
and 30 min, and analysed for released orthophosphate. 

A zero order reaction was still retained, even in the presence of a higher enzyme 
concentration (24 females per millilitre) than was used for the first kinetics studies, 
although less orthophosphate was split per unit of time by the diluted homogenates. 
These results are illustrated in Fig. 2. 
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Fic. 2. Effect of varying homogenate concentration on rate of acid phosphatase activity. 


Effect of omission of substrate and of varying substrate concentration. Dilutions 
of Na, £-glycerophosphate were prepared with 0-848 per cent sodium barbital to 
give the following final molarities: 0-24, 0-16, 0-08, 0-032, and 0-016. In addition, 
a reaction mixture in which substrate was replaced with an equal amount of 
demineralized water was prepared. Acid phosphatase was determined using 
these substrate variations according to the basic reaction plan. 
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Figure 3 illustrates the effect of increasing substrate concentration on enzyme 
activity; release of orthophosphate increases rapidly as substrate is increased 
up to about 0-08 M. Similar results were obtained by FirzGeraLp (1949) and 
RockstTeIN (1956a) for alkaline phosphatase, and the point at which the Aedes 
graph begins to curve is comparable to the alkaline phosphatase studied by the 
latter. ‘The Michaelis constant (Km) for acid phosphatase, derived from reciprocal 
plot according to the method of Lineweaver and Burk (1934), was 8-57 x 10-2 M 
when determined for the stated reaction conditions. 
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Fic. 3. Effect of substrate concentration on velocity of acid phosphatase. 


It is interesting to note that in the tube from which substrate was omitted, a 
slight uptake of phosphate from the total reaction mixture took place (from 
activity in the tissue homogenate), since the readings of this tube were less than 
that of its respective zero time samples. Therefore, a phosphorylating system was 
operating in the homogenate, and it must be realized that all readings in this study 
were a measure of a net increase of orthophosphate. 

Effect of varying pH. ‘The pH variations for determining a pH curve of acid 
phosphatase activity were obtained by changing the volume and normality of the 
acetic acid component while holding the sodium barbital-substrate mixture 
constant in a manner similar to that of Rockstern (1956a). 

From preliminary experiments it was realized that the pH curve would not 
have a sharp optimum point of activity, but instead there would be a broad range 
of near optimal hydrogen ion concentration. Therefore, it became necessary to 
make repeated determinations in order to clarify points along the pH curve. The 
pH curve (Fig. 4) for acid phosphatase is, then, a composite approximation of 
the effects of pH factor. 
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Figure 4 provides evidence that the range of optimal activity lies between 
4-6 and 5-3, which is slightly more acid than expected. However, since all other 
experiments were run at the (originally) expected peak of 5-4, it was decided to 
continue the study at that level, as its distance away from the optimal range was 
not great. This would obviate the necessity of redetermining many of the other 
factors which had already been studied at pH 5-4. 
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44 48 52 56 60 


Fic. 4. pH curve for acid phosphatase 


Comparison with the phosphomonoesterases as classified by Rocne (1951) 
shows that the acid phosphomonoesterases II and III possess pH ranges of 5-0-5-5 
and 3-4-4-2, respectively, although the magnesium ion responses of the two enzymes 
do not compare with those determined for the Aedes acid phosphatase. Phospho- 
monoesterase IV of Roche, which reacts toward Mg in the same manner as the 


Aedes acid phosphatase, possesses a slightly higher pH range, 5-0-6-0, and it would 


seem that, if a classification can be made, the isodynamic mixture of acid phos- 
phatase in Aedes closely resembles phosphomonoesterase IV. Acid phosphatase 
as determined by BARKER and ALEXANDER (1958) for Musca domestica was studied 
at pH 4-8, although the effects of other pH levels were not tested. RocKsTEIN and 
HERRON (1951a), using total homogenates of worker honey bees, found the pH 
optimum of the acid enzyme to be 5-6, and judging by a similar activation by 
Mg ions, these workers also classified the honey bee enzyme as phosphomono- 
esterase IV. 

Effect of varying temperature on enzyme activity; temperature optimum of acid 
phosphatase. Water baths were standardized to obtain temperatures of 15, 25, 30, 
35, 40, 45, 50, and 55°C to a tolerance of 0-5°C. Analysis followed the basic 
reaction mixture. 
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The effects of the temperatures studied are presented in Fig. 5, and a summary 
of the Qi, calculations is presented in Table 1. The apparent optimum is near 
45°C, with activity falling very sharply at 50°C. 
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Fic. 5. Effect of temperature on acid phosphatase. 


TABLE 1. TEMPERATURE COEFFICIENTS (Q,,.) FOR Aedes aegypti ACID PHOSPHATASE 


om 
lemperature range Qu 
(°C) 


Bopansky (1939) reported that the temperature optimum of mammalian bone 
phosphatase was from 40 to 42°C. FirzGERALp (1949) found the optimal conditions 
for alkaline phosphatase of Melanoplus differentialis eggs to be at 35°C. ROckKSTEIN 
and Herron (1951a) determined that the temperature optimum of alkaline phos- 
phatase of Apis mellifera was at 35°C, and that the Q,, values range from 2-38 
(5-15°C) to 1-78 (15-25°C), and 1-38 (25-35°C). The time of incubation for 
those determinations was 5 hr. RocksTeIN (1956a), studying the alkaline enzyme 
in Musca domestica adults, determined the optimum for that insect to be at 40°C 
for a 25 min period of incubation. 

Effect of magnesium as the activating ion. Aqueous solutions of MgCl, were 
prepared to give the following final molarities: 0-0 (demineralized water); 0-01; 
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0-02; 0-04; 0-08; 0-16; 0-30. These solutions were substituted for the magnesium 
component in the basic reaction mixture. 

A graph of Mg ion effects is presented in Fig. 6, and it is clear that activity 
is sharply influenced by this cation. In the tube from which Mg was omitted 
(no Mg other than that originally present in the tissues), activity was approximately 
a net O.D. of 0-075. As Mg ions were added, activity rose sharply to an optimum 
of not less than 0-08 M, but definitely less than 0-16 M final concentration. The 
true optimum probably lies somewhere closer to the lower end of this range. An 
inhibitory effect resulted in the tube containing the highest molarity (0-30 M). 
FITZGERALD (1949) found optimal Mg ion concentration at 0-05 M for Melanoplus 
eggs, and RocksTEIN and HERRON (1951a) determined the Mg ion activation of 
acid phosphatase of worker bees to be a final molarity of 0-01. 
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Fic. 6. Effect of Mg ions on acid phosphatase activity. 


Effect of the divalent cations Ca, Mn, Co, and Fe. Aqueous solutions of the 
dichloride salts of Ca, Mn, Co, and Fe were prepared to give a 0-16 M final concen- 
tration. The Fe solutions were prepared just prior to use. Assay for the release of 
orthophosphate followed the basic reaction mixture. The pH of the final reaction 
mixture was checked after incubation to assure that the apparent effects of added 
ions were not due to a shift of hydrogen ion concentration. 

Two series of tests were run, as are indicated in Table 2, which summarizes the 
effects of cation activators. All of the ions tested activated this enzyme above that 
in which no extra ions were added; Fe ions brought about the highest activation, 
Co the lowest when compared with the reaction tube in which water replaced 
metal activator. The relative degrees of activation by Mn and Ca were difficult 
to evaluate from these data, since Ca was higher than Mn in Series 1, but lower in 
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Series 2. Mg ions, as in previous tests, activated strongly. The alkaline phosphatase 
of grasshopper eggs was activated by both Mg (optimal at 0-05 M) and Ca (optimal 
at 0-03 M), as reported by FirzGeraLp (1949). Rockstein (1956a) found that the 
order of activation of housefly alkaline phosphatase increased from a net absorbence 
of 0-018 (Ca); 0-084 (Mn); 0-085 (Co); 0-125 (Mg); and 0-126 (Fe), and these 
compare favourably with the acid phosphatase of Aedes, although no information 
was given as to the relative position of a water-substituted mixture. 


TABLE 2. EFFECTS OF PRESENCE OR ABSENCE OF DIVALENT CATIONS ON ACID PHOSPHATASE 
ACTIVITY (ACTIVITY EXPRESSED AS NET OPTICAL DENSITY OF 0-2 ML OF FINAL REACTION 
MIXTURE; pH OF FINAL MIXTURE IN PARENTHESES) 


Series H,O 


Mg Mn Ca Fe Co 


1 ‘063 0-094 0-104 0-127 0-078 


pH (6°15) - (5-32) (5-70) (5-07) (5-45) 
2 0-044 0-121 0-094 0-084 — — 


pH | (6.13) | (5-42) | (5-33) | (5-72) _ — 


Effects of inhibitors on enzyme activity. The reaction mixture for studying 
inhibitors differed slightly from the original reaction plan in that 0-5 ml of appro- 
priate inhibitor or water blank and 0-75 ml of demineralized water were added 
to the basic reaction mixture. The pH of the final mixtures was taken after 
incubation to insure the effects had been due to inhibitor and not to pH shift. 

The following inhibitors were tested at the indicated final molar concentrations: 
sodium fluoride (0-005 M); sodium azide (0-01 M); sodium oxalate (0-01 M), 
and water in lieu of inhibitor. 

The results clearly indicated that the inhibitors tested depress enzyme activities. 
Acid phosphatase activity was inhibited 88 per cent by fluoride, 55 per cent by 
oxalate, and 36 per cent by azide when compared to the reaction mixture in which 
water replaced inhibitor. There was no significant change in pH. Fluoride is a 
classic inhibitor of the phosphatases. Phosphomonoesterase I] is strongly inhibited 
by fluoride at low concentrations (0-001-0-005 M), which agrees with the 88 per 
cent inhibition of the Aedes phosphatase of the present study. The same statement 
may be made concerning oxalates, as sodium oxalate produced a 55 per cent 
inhibition of the acid phosphatase studied. Likewise, azide inhibition of 36 per 
cent agrees with previous results reported for alkaline phosphatase (Rocue, 1951). 
BRADFIELD (1951), using histochemical methods to study phosphatases of the goat 
moth larva (Cossus cossus) and the silk-worm larva (Bombyx mori), and several 
species of spiders, found that silk gland phosphatases were not affected by 
0-001 M Hg, Ag, Cu, Zn, or iodoacetate, or by 0-0001 M p-chlormercuribenzoate. 


SUMMARY AND CONCLUSIONS 

An investigation of the enzyme acid phosphatase of the mosquito Aedes aegypti 
L. resulted in the characterizations summarized as follows: soluble in water; 
activity located in the supernatant fraction of centrifuged homogenates; kinetics, 
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zero order; Km 8-57 x 10 


Qio 2: 
azide and oxalate, and Mg at concentrations above 0-3 M. 
Comparison of these results with those reported in the literature 


other species of insects leads to the conclusion that the 


*; pH optimum 4-6-5-3; temperature optimum 45°C; 
13 between 25-35°C: activated by Mg, Ca, Co, and Fe, inhibited by fluoride, 


for several 


enzyme is basically the 


same as similar enzymes of other insect species, and furthermore is comparable 


to the better known vertebrate enzyme in most respects. 
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ANAUTOGENOUS FORMS* 
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Abstract—The protein contents in the larval haemolymph of Culex pipiens (auto- 
genous form) and Culex fatigans (anautogenous form) have been determined by 


paper electrophoresis. In both mosquito strains the electropherograms showed only 


one protein fraction which increased rapidly in its concentration during the later period 


of larval development. The fully grown larva of the anautogenous form was found to 


contain more proteins per unit volume blood than that of the autogenous form. On the 


other hand, the total blood concentration of the free ninhydrin-reacting components, 


as estimated by the method of paper chromatography, is higher in the autogenous form 


than in the anautogenous form. On the basis of data presented in this study, the relation 


of nutritional reserves to the phenomenon of autogenous egg production in mosquitoes 
is discussed. 


INTRODUCTION 
It is known that the common house mosquito, Culex pipiens L.., includes two forms 
which differ in their mode of egg formation. ‘The autogenous form is able to lay 
its first batch of eggs without taking a blood meal or other food from an outside 
source, whereas the anautogenous form will not lay eggs until blood has been 
ingested. Numerous investigations have been made on the ecology, taxonomy, and 


genetics of these two mosquito strains (for literature see LAVEN, 1957). However, 
we still know very little about the physiology of autogeny. 

In anautogenous mosquitoes the substances, especially proteins, contained in 
the ingested blood evidently provide a large part of the necessary material for 
yolk formation. It has been suggested that in autogenous mosquitoes sufficient 
nutritional reserves are stored up by the larva and later used by the adult for 
ovarian development (Boissezon, 1933; RouBanp, 1933). For instance, larvae of 
the autogenous type were found to contain more reserves than those of the anauto- 
genous type raised under equal conditions (ROUBAND and ‘TOUMANoFr, 1930; 
RousBaNp, 1933; MO6LLRING, 1956). At emergence autogenous females were 
shown to have more fat reserves than anautogenous females (MO6LLRING, 1956; 
Twouy and Rozesoom, 1957). However, evidence has been brought forward to 


* The present work was supported by a grant from the “ Schweizerischer Nationalfonds zur 
Férderung der wissenschaftlichen Forschung” 
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show that the extent of nutritional reserves influenced only the number of eggs 
laid by the adult and had no effect on the initiation of autogenous ovary develop- 
ment (GASCHEN, 1932; Hecut, 1933). Females, even when reared on a limited 
amount of food in the larval stage, were always autogenous (Buck, 1935; M6LLRING, 
1956). Furthermore, examination of the fat body demonstrated that anautogenous 
mosquitoes contained a sufficient amount of reserves to produce some eggs 
(CLEMENTS, 1956). From these findings it appears that the quantity of nutritional 
reserves is not the deciding factor for autogeny or anautogeny. 

More recently, evidence has been provided to indicate that the ovarian develop- 
ment in mosquitoes is under hormonal control (DeTinova, 1945; MEDNIKovA, 
1952; Clements, 1956; GiLLettTe, 1957; Larsen, 1958). It seems that in auto- 
genous females a gonadotropic hormone is secreted by the corpora allata even 
without feeding, whereas in anautogenous females the intake of blood is necessary 
for activation of the hormone system. 

Suggestions have also been made that some unknown chemical components 
in the blood are responsible for anautogenous egg production (YorL! and Mer, 
1938; GREENBERG, 1951; Hoso1, 1954). For yolk formation the protein reserves 
are no doubt of primary importance. The present study was carried out to discover 
if there are qualitative or quantitative differences in blood proteins between 
larvae of the autogenous form and those of the anautogenous form. The results, 
reported here, supplement further the previous study dealing with metabolic 
changes of free amino-acids during the larval development of Culex pipiens (CHEN, 
1958). 


MATERIALS AND METHODS 

Materials used in the present study were the autogenous form of Culex pipiens 
L. and the anautogenous form of Culex fatigans Wied. Both strains were cultured 
for many generations first in the Max-Planck Institute of Biology, Tibingen, 
and later in this laboratory.* The taxonomy of the Culex pipiens complex is still 
a matter of dispute and the consideration of these two strains as different species 
has been questioned (Farip, 1949; Rozesoom, 1951; Laven, 1953). 

Conditions for rearing the larvae were the same as described previously except 
that the culture dishes were maintained at 25°C (see CHEN, 1958). During larval 
development the number of individuals and the amount of food (powdered dog- 
biscuit) per dish were carefully controlled. ‘The larvae of both strains were raised 
under identical conditions and only individuals from parallel cultures were used 
for comparison. 

‘The paper electrophoresis technique was used for the determination of protein 
contents in the larval haemolymph (for a detailed description of the method, see 
DurruM, 1950; WuNpeERLY, 1953). Larvae of desired developmental stages were 
first collected from culture dishes, cleaned thoroughly in distilled water, and dried 
on filter paper. The specimens were then opened individually under a binocular 
microscope on a paraffin-coated slide, and the blood was collected in a calibrated 


* I wish to thank Dr. H. Laven, Tiibingen, for supplying the Culex strains. 


ae 
a 
> 


suv 


Buryorey Joye (9) pure 
pf xan.) (NOL) aya ul 


— 


jo samt 


xayn.) pur (®) suaidid xan.) 


‘7 jO UMOIT ATTN) JO og) 


(9) 


(?) 


(9) 


(°) 


(9) 


: 
: 
€ 
r 
JOL. 
tba 


4 
ere 
| 
‘thaw 


STUDIES ON THE PROTEIN METABOLISM OF CULEX PIPIENS L.—Iill 337 


micropipette. During dissection care was taken to avoid injury of the internal 
organs. For each protein determination 20-30 ul of haemolymph was used. It is 
known that insect blood, when exposed to air, forms a black pigment which disturbs 
the separation of proteins during electrophoresis (see CHEN, 1956). In order to 
prevent enzymatic pigment formation, each blood sample was therefore diluted 
with a saturated solution of phenylthiourea (2 parts of haemolymph to 1 part of 
phenylthiourea solution), and kept for about 30 min in a desiccator which contained 
potassium cyanide. 

After the above treatments, the blood sample was centrifuged at 4500 rev/min 
for about 5 min and delivered with a fine pipette as a thin line to the middle of a 
filter paper sheet (Whatman No. 1, 7x40 cm). The separation of the protein 
fraction was carried out in a buffer solution (veronal-acetate) of pH 8-6 with a 
current of 175 V and 3-5 mA. After 16 hr the paper strip was stained with 0-1 per 
cent bromophenol blue in absolute methanol containing 6 per cent HgCl,, washed 
in running water, and dried at room temperature. For quantitative determination 
of the protein fraction the stained sheet was cut into 5 mm wide strips perpen- 
dicular to the separation direction, and each strip eluted in a test-tube containing 
5 ml of 50 per cent alkaline methanol. The colour intensity of the methanol 
solution was estimated spectrophotometrically at a wave-length of 595 my. Finally, 
the extinction values were plotted on a graph sheet and the area between the plotted 
curve and the base line was measured by a planimeter. 

For the analysis of amino-acid components, the protein fraction was eluted 
from the paper and hydrolysed in 6 N HCI at 110°C for 12 hr. ‘The hydrolysate 
was neutralized with 0-1 N NaOH and applied again to a Whatman No. 1 sheet 
(28-6 x 46:2 cm) for two-dimensional paper-chromatographic separation. 

In addition to the protein contents the free ninhydrin-reacting substances in 
the larval haemolymph of both strains were also compared. ‘The method used was 
the same as that described in a previous paper (CHEN, 1958). However, the colour 
reaction was done by spraying the sheet with 0-5 per cent ninhydrin in 96 per cent 
ethanol, followed by an acid Cu(NO,), solution (2 ml saturated aqueous Cu 
(NO ),+0-2 ml 10 per cent HNO, + 200 ml 96 per cent ethanol). ‘The spots were 
then extracted in 5 ml absolute methanol and the colour intensity evaluated at a 
wave-length of 510 my (for a detailed description of the technique, see Bone et ai., 
1952; Fiscuer and 1953; Benz, 1957). 

RESULTS 
1. Comparison of protein contents in the larval haemolymph 

By the paper-electrophoresis technique used in the present study only one 
protein fraction could be detected in the haemolymph of Culex larvae (Fig. 1). 
Very recently, using the technique of starch-gel-electrophoresis, it was found that 


the blood proteins of the Culex larvae can be separated into at least three to four 
fractions (CHEN, 1959). This shows that the protein fraction obtained by paper 


electrophoresis is by no means homogeneous. This is in contrast to Drosophila 
which has been shown to contain at least two protein fractions during the later 
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part of larval development (WUNDERLY and GLoor, 1953; CHEN, 1956). As shown 
in Figs. 2 and 3, the protein contents in the larvae of both C. pipiens and C. fatigans 
increase with age. The blood concentration is very low until the eighth day after 
hatching and increases about 4 times in the next 4-6 days (‘Table 1). ‘The values rise 
from 0-188 to 0-766 unit per 20 ul haemolymph for C. pipiens and 0-259 to 1-072 
for C. fatigans. ‘This fact is in agreement with the earlier finding that both fresh 
weight and total N of Culex larvae increase rapidly at the same developmental 
period (cf. Fig. 1 in CHEN, 1958, and Fig. 4 in the present study). 

It is of interest to notice that the protein concentration in the larvae of the 
anautogenous form (C. fatigans) is higher than that in the larvae of the autogenous 
form (C. pipiens) of corresponding developmental ages (Figs. 1 and 3). Quantitative 


C. fotigans 


2 4 > 4 4 € 8 2 4 


Fic. 3. Electrophoretic diagrams showing the successive increase of protein contents in 
the haemolymph of Culex fatigans and Culex pipiens larvae at 8 (- - - -), 10 (—-—), 12 ( ) 
and 14 (—) days of age at 25°C. Ordinate: extinction (£) per 20 yl haemolymph at 595 mu. 


TABLE 1. CHANGES OF PROTEIN CONCENTRATIONS IN THE HAEMOLYMPH OF Culex pipiens 
AND Culex fatigans DURING LARVAL DEVELOPMENT 


| 


Concentration of proteins (extinction per 


Larval age | 20 xl haemolymph) 

hatching at Culex pipiens Culex fatigans 
25°C) 

n | M SE. | a | M S.E. 

8-9 5 | O188+40-0358 | 5 | 0-259+0-0253 
10-11 4 | 0351400136 | 4 0-388 + 0-0595 
12-14 | 11 | 0-766+0-0441 | 9 1-072 +-0-0742 


n= number of determinations. 
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determinations showed that this difference could be detected at all three larval 
stages investigated in the present study (Table 1). However, the difference is 
significant only for individuals at 12-14 days of age (t-test, p < 0-01). 


2. Changes of fresh weights during larval development 

In view of the fact that protein synthesis is especially intensive in the later 
part of larval life, and that in the above experiment the absolute age, i.e. the age 
determined from hatching, was used as a basis for comparison, the divergence in 
protein contents just described could be due to a difference in developmental 
rates between the two mosquito strains. MO6LLRING (1956) observed that the 
larval life of the autogenous form lasted 2} 


days longer than that of the anauto- 
genous form under the same condition. Similar observations have been reported 
by ‘Twouy and Rozesoom (1957). Thus, an analysis of the growth of both 
C. pipiens and C. fatigans larvae was carried out. The changes in fresh weights of 
individuals from 42 cultures of 4 parallel series were determined. As illustrated in 
Fig. 4 the increase of body weights is the same in both strains during the first 
six days of larval life. From the eighth day onwards, the values of C. fatigans 
always remain somewhat lower than those of C. pipiens. According to observations 
of five parallel cultures started at the same time and kept under identical conditions, 
the pupation of C. fatigans larvae began on the average 24 hr earlier than that of 
C. pipiens (Fig. 4). The average duration of larval development per culture 


Fic. 4. Changes in fresh weights during larval development of Culex pipiens (—) and 
Culex fatigans ( ). Ordinate: fresh weight in mg per larva. Abscissa: larval age in days 
after hatching at 25°C. Each point represents the average value of 5-16 determinations. 


The arrows indicate the beginning of pupation. 


dish at 25°C was estimated to be 12-15 days for C. fatigans and 13-18 days for 
C. pipiens. This result seems to suggest that the differences in protein contents 
listed in Table 1 were really due to a higher developmental rate in the anautogenous 
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form than in the autogenous form. However, determinations carried out on 
C. pipiens larvae 15 and 17 days old showed no significant further increase in 
their protein contents, and the values at such later stages remained lower than the 
maximal values estimated for C. fatigans larvae of corresponding physiological age. 
In other words, even if the difference in the developmental rate is considered, the 
blood proteins still appear more concentrated in the anautogenous form than in 
the autogenous form. 


3. Comparison of free ninhydrin-reacting substances in the larval haemolymph 

Since the two Culex strains differ in their protein contents, the question arises 
whether there are also differences in free amino-acids and related substances. 
Investigations of the blood of fully grown larvae showed that the patterns of 
ninhydrin-reacting components in both forms were the same; they consisted of 
at least sixteen amino-acids, glutamine and three peptides as reported previously 
(cf. Fig. 2 in Cuen, 1958). Quantitative determinations of the total concentration 
in larvae 8-14 days old revealed the following facts (Table 2): (1) in both strains 
the values increased slightly at first and remained largely unchanged during later 
development; (2) C. pipiens showed consistently higher values than C. fatigans, 
although again only the difference at the last larval stage examined ts significant 
(p < 0-001). 


4. Characterization of the protein fraction 

From previous experience it is known that the amount of dye bound per unit 
weight of protein varies from protein to protein. CREMER and ‘TIseLius (1950) 
found that the amount of bromophenol blue taken by serum albumins was about 


TABLE 2. ‘TOTAL CONCENTRATIONS OF FREE NINHYDRIN-REACTING SUBSTANCES IN THE 
HAEMOLYMPH OF Culex pipiens AND Culex fatigans DURING LARVAL DEVELOPMENT 


Total concentration of free ninhydrin-reacting 
Larval age substances (extinction per 2 ul haemolymph) 
(days after 
hatching at | Culex pipiens 
25°C) 


| 


Culex fatigans 


M S.E M S.E. 


| 0-492+0-0265 | 3 | 0O-439-0-0299 


10-11 | (-631+0-0278 | | 0-564+0-0169 
12-14 | 0612400123 | 0-526 +0-0159 


n= number of determinations. 


1-6 times as great as that taken by an equal weight of serum globulins. For quanti- 
tative work it is necessary to have more information about the nature of the proteins. 
We know almost nothing about the nature of blood proteins in insects. Therefore, 
efforts have been made to characterize the protein fraction separated in this study. 
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The acid hydrolysis indicated that the protein fractions of both C. pipiens and 
C. fatigans contained the same amino-acid components. At least the following 
amino-acids have been identified in the hydrolysates: aspartic acid, glutamic acid, 
serine, glycine, threonine, tyrosine, a-alanine, f-alanine, lysine, arginine, 
valine (and/or methionine), proline, leucine (and/or isoleucine). Quantitative 
estimations detected no difference in the relative amount of each substance in 
both forms. 

Judging from its mobility, the protein fraction of Culex corresponds apparently 
to the so-called B-fraction of Drosophila (WuNDERLY and GLoor, 1953; CHEN, 
1956). ‘The distances travelled by the blood proteins of both insects on the paper 
electropherograms are illustrated in Fig. 5. The less concentrated A-fraction of 
Drosophila \arva could not be detected in Culex even in individuals which were 
ready for pupation. 

The determination of the isoelectric point showed that at pH 7-66 the protein 
fraction still moved in the anode direction (Fig. 6). It travelled towards the 
cathode at pH 4-93. In a buffer of pH 6-12 no movement was observed. In this 
respect the blood proteins of Culex larva are more similar to serum globulins 
(isoelectric point = 5-7) and differ distinctly from serum albumin which has an 
isoelectric point of pH 4-2. 


DISCUSSION 

Several studies on the blood proteins of insects by the electrophoresis technique 
have been made. CLARK and BALL (1956) found in the homogenates of C. pipiens 
and C. stigmatosoma four protein fractions, and in the haemolymph of Estigmene 
acrea, Papilio zelicaon, Protoparce sexta, and Periplaneta americana four to six 
protein components. Kriec (1956) found in the larval haemolymph of Melolontha 
sp., Neodiprion sertifer, and Lymantria dispar at least two protein fractions. By the 
method of starch electrophoresis Denucfé (1957, 1958) observed a number of 
protein fractions in the blood of different insect larvae: five fractions in Galleria 
mellonella, three fractions in Macrothylacia rubi and several fractions in Bombyx 
mori. In the adult of Dytiscus marginalis the same author recorded only one 
fraction. As mentioned in the previous section, the haemolymph of fully grown 
Drosophila \arvae contains two protein fractions (WUNDERLY and GLoor, 1953; 
CHEN, 1956) and that of Culex larva one fraction. According to their mobility and 
the values of the isoelectric point reported by the above authors, all these protein 
components seem to be more related to the serum globulins than the serum 
albumins (Krisc, 1956). This is certainly an over-simplified way of identifying 
the proteins in the insect haemolymph. The electrophoretic pattern is not constant 
from insect to insect and varies to a great extent according to developmental 
stage even in the same species. The proteins separated on the electropherograms 
are most likely species specific (DeNuct, 1958). Valuable information can be 
provided by applying the serological technique (Fox and Yoon, 1957; WUNDERLY, 
1957). More work is also needed to determine the morphogenetic and physiological 
roles of these protein components. 
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From previous work it is known that the concentration of free amino-acids 
and proteins in the insect blood changes considerably during post-embryonic 
development. Again, the situation varies from insect to insect. As reported 
previously (CHEN, 1958) and confirmed in this study, the amino-acid concentration 
of Culex larvae does not decrease significantly even at later stages. ‘This is in 
contrast to Drosophila larvae which show a continuous drop in the total amount 
of free ninhydrin-reacting components with the advance of age (HADORN and 
StuMM-ZOLLINGER, 1953; CHen and Haporn, 1955; Haporn, 1956). With regard 
to protein contents, the values are usually low during earlier development and then 
rise rapidly towards the end of larval life. In both C. pipiens and C. fatigans the 
increase of blood proteins is especially striking near the time of pupation. Similar 
results have been reported for Bombyx mori (DriLnHon, 1954; Denuct, 1957), 
Galleria mellonella (Denuct, 1957), and Drosophila melanogaster (CHEN, 1956). 
Hence, for an evaluation of experimental data the developmental age of the material 
used has to be strictly controlled. 

As demonstrated in the present study, mosquito larvae of the anautogenous 
form (C. fatigans) contain about 30 per cent more proteins per unit volume haemo- 
lymph than those of the autogenous form (C. pipiens). On the other hand, the 
total blood concentration of the free ninhydrin-positive substances is higher in 
the autogenous form than in the anautogenous form. ‘There exists apparently a 
kind of compensation in the contents of blood proteins and free amino-acids. 


It has to be mentioned that, according to estimations from parallel cultures in 
this work, C. pipiens reached an average fresh weight of 5-0-6-3 mg per larva 
at the end of larval development and C. fatigans only 3-4-4-5 mg per larva reared 
under equal culture conditions (Fig. 4). ‘The total quantity of protein reserves 
appears therefore the same in the two strains. Anyway, these data suggest that 
larvae of the anautogenous form have no serious shortage of protein reserves as 
compared with those of the autogenous form. ‘The anautogenous mosquitoes 
definitely have sufficient nutritional reserves to produce a certain number of eggs. 
This conclusion is in agreement with the observation described by CLEMENTS 
(1956), who compared the fat body of larvae of the two strains. Therefore, autogeny 
and anautogeny can hardly be explained by differences in the quantity of reserve 
materials. A more probable explanation is that in autogenous females, a gonado- 
tropic hormone is released automatically from the corpora allata soon after hatching, 
whereas in anautogenous females a blood meal is required to initiate the hormone 
secretion. More recently, evidence has been provided to support this hypothesis 
by ligation and transplantation experiments (CLEMENTS, 1956; LARSEN, 1958). 
However, further study is needed to look for histological differences in the endo- 
crine organs between these two forms under comparable conditions, and to prove 
whether the hypothesis of hormone secretion holds true in all mosquito 


species. 


Acknowledgement—Thanks are due to Prof. E. Haporn for his encouragement and 
valuable criticism during this work. 
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Abstract—The role of the dermal glands in the moulting cycle of Rhodnius has been 
reinvestigated by means of the alcian blue staining technique for mucin. Mucin is 
secreted by the majority of the dermal glands from the eleventh day after feeding until 
the time of moulting. The gland sacs become distended with mucin immediately prior 
to moulting, and this mucin is discharged and forms an inner lubricating layer on the 
exuvia during ecdysis. 


INTRODUCTION 

THE precise function of the dermal glands, and the nature of the secretions 
produced by them during the moulting of insects, has not been satisfactorily 
resolved. For instance, WIGGLESWORTH (1933) originally adopted the general view 
that the dermal glands secrete the moulting fluid; later (1948) he revised these 
views and concluded that the moulting fluid originates in the general epidermal 
layer, and that the dermal glands secrete a cement layer. These arguments are 
based on the fact that the dermal glands reach the height of their activity at the end 
of the moulting process, and in WIGGLESWORTH’S opinion, apparently discharge 
their contents after ecdysis (1947). He describes the moulting fluid as a neutral 
salt-free fluid with proteins in solution, containing a protease and probably a 
chitinase; its chief function is claimed to be the digestion of the inner layers of the 
old cuticle. More recent work by Passongau and WILLIAMs (1953) confirms the 
presence of enzymes capable of digesting the inner layers of the cuticle, and they 
show the presence of a gel in the moulting fluid during the early days of moulting. 
These authors, and others, doubted whether moulting fluid would function also as 
a lubricant during ecdysis, although earlier workers, such as Hoop (1933), were 
convinced that it was involved in this role. The recent development of selective 
stains for acid mucopolysaccharides and mucin has enabled the authors to reinves- 
tigate this problem, and to assign to the majority of the dermal glands a definite 
function in the moulting of Rhodnius. 


METHODS 
Several workers have been interested in the problem of detecting acid muco- 
polysaccharides and mucin in the tissues of animals during the last decade. In 1950, 
STEEDMAN introduced the alcian blue method for the staining and detection of 
mucin in sections of tissue. It was concluded by VIALLI (1951) that alcian blue 
was a reliable method for staining epithelial mucous and mucoid cells and for the 
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study of mucopolysaccharides. Later, Lison (1954) stated that “it appears that 
all structures readily stainable with alcian blue are related to mucopolysaccharides, 
though the nature of the selectivity of alcian blue is unknown’. WAGNER and 
SuHapiro (1957) have shown that, when used under controlled conditions, alcian 
blue can be employed as a reliable indicator for the presence of acid mucopoly- 
saccharides, including mucin. 

This study of the dermal glands in the body wall of an insect was done with 
fourth instar nymphs of the blood-sucking bug Rhodnius prolixus. ‘The insects 
were killed and sectioned at daily intervals after a meal of rabbit blood. The 
posterior half of the abdomen of each insect was fixed in Carnoy’s solution, and in 
some cases, formol alcohol and Eltringham’s fixative. The tissues were embedded 
in paraffin wax on the completion of fixation and dehydration. Sections of 4 and 
6 « thickness were mounted on slides and stained by the following method: 

Sections were treated by immersing the slides in a solution of 0-1 per cent 
alcian blue* in 1 per cent acetic acid for a maximum of 5 min. After several rinses 
in distilled water, they were moved to alkaline alcohol (95 per cent ethanol 
with 0-5 per cent ammonia solution), thus converting any alcian blue taken up 
by tissues into an insoluble material and preventing its loss during subsequent 
counter-staining. After thorough rinsing with distilled water, the nuclei were 
stained for 10 to 15 min with nuclear fast red (0-1 g of nuclear fast red in 100 ml 
of 5 per cent aluminium sulphate). Cytoplasmic tissues were counter-stained 
with 0-1 per cent metanil yellow. This staining procedure imparts a brilliant 
blue-green coloration to mucins, with red nuclei and yellow cytoplasmic 
elements. 


RESULTS 

The development of the cuticle and the whole moulting process in Rhodnius 
has been thoroughly investigated by WiGcGLesworTH (1933, 1948). The first 
evidence of the development of a new epicuticle in fourth instar larvae is found 
under the old cuticle at the eighth or ninth day after feeding. By the eleventh day, 
developing dermal glands can be recognized in the epidermal layer below the newly 
formed epicuticle. Many of these glands contain small amounts of a clear hyaline 
secretion which gives a positive staining reaction for mucin when treated by the 
methods given above (Figs. 1 and 2). The evidence of the presence of mucin in 
these glands given by alcian blue was further confirmed by positive staining with 
Mayer’s mucicarmine and metachromatic staining with toluidine blue (LILLIE, 
1954); these tests were positive when formol alcohol and Eltringham’s solution 
were substituted as fixing agents. In addition, the contents of the dermal glands 
lost their staining properties with alcian blue when sections were digested with 
bovine testicular hyaluronidasey solutions (at 1 mg/ml in 0-8 per cent saline and 
pH 7-2) and with bovine liver 8-glucuronidaset (at 1 mg/ml in 0-8 per cent saline 
at pH 4) (Pearse, 1953), suggesting that the substance is a hyaluronic 


* Alcian blue supplied by G. T. Gurr, Ltd., London. 
+ Enzymes supplied by Worthington Biochemical Corp., Freehold, N.J. 
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Plate | 
Fic. 1. Section through lateral edge of abdomen at 11 days after blood meal showing 
newly formed epicuticle (EP), dermal glands with mucin (D) and traces of mucin in ecdysial 
space (M). Old outer cuticle (C). ( 300.) 


Fic. 2. Enlarged view of individual dermal gland (D) from Fig. 1 showing duct leading to 
surface of epicuticle. Gland is actively secreting mucin. ( » 1200.) 


Fic. 3. Section through abdominal wall showing old cuticle above, epidermal cell layer 
(E), oenocyte (O), nonmucin producing dermal gland (D,), and another dermal gland (D) 
containing mucin. ( 300.) 

Fic. 4. Dermal gland at 13 days after feeding showing sac distended with contained 


mucin; nucleus of dermal gland cell displaced. Epidermal layer (E) negative for mucin. 
( 800.) 


Fic. 5. Section at 14 days showing mucin (M) on surface of new epicuticle. Dermal gland 
(D). ( 250.) 


Fic. 6. Dermal glands (D) distended with mucin at 14 days, a few hours before moulting. 
Traces of mucin (M) on inner surface of the old cuticle. (« 100.) 
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Fic. 7. Enlarged view of dermal glands a few hours before moulting. ( 200.) 
During ecdysis; dermal gland partially emptied (D); mucin deposit (C) lining exuvia 


almost complete. (« 300.) 


Fic. 8. 


Fic. 9. Section through exuvia immediately after moulting showing mucin layer (M). 


( 400.) 


Note: All sections were stained with alcian blue and counterstained with nuclear fast red 
and metanil yellow. Only dermal glands (D) and mucin (M) gave a positive reaction with 


alcian blue; nuclei were stained deep red and other elements (i.e. cytoplasm of epidermal 
cells, etc.) varying shades of pale yellow. 
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acid-containing mucin. The dermal glands, although somewhat more numerous in 
the lateral abdominal walls (Fig. 6), are otherwise evenly distributed throughout 
the whole of the body epidermis. The glands are spaced approximately 0-15-—0-30 
mm apart, with about 25 mucin producing dermal glands per square millimetre. 
It was significant, however, that a small number of glands giving a negative result 
with alcian blue were present throughout the epidermis (Fig. 3, D). From the 
eleventh day onward, increasing amounts of a substance giving the same staining 
reactions as the majority of the dermal glands was found in the exuvial space 
between the old and new cuticles (Figs. 1, 5 and 6). 

On succeeding days, distended ovoid sacs containing mucin are formed within 
the dermal glands themselves (Figs. 4, 5 and 7). At 13 days, or, within a day of 
moulting, these sacs reach an average length of 15-20 uw. Simultaneously, the old 
cuticle becomes much thinner because of the digestion of the endocuticle by 
enzymatic action (PAssoNEAU and WILLIAMS, 1953) (Fig. 6); also, a thin deposit 
giving a positive reaction to alcian blue begins to form on the inner surface of the 
remains of the old cuticle (Fig. 8). The new epicuticle develops a thin, outer, 
waxy layer, the “wax layer” discussed by WIGGLESworRTH (1933). The presence 
of this layer was shown in our studies by various fat soluble stains on carbowax 
embedded sections; it was found that the wax layer was highly repellent to aqueous 
solutions. Immediately before ecdysis, the dermal glands are fully distended with 
mucin; after the old cuticle is discarded, only slight traces of mucin remain in the 
glands. When exuviae were fixed, sectioned, and stained with alcian blue, the 
mucin could be seen as a thin layer 2 yu in thickness (Fig. 9). This layer gave the 
same staining and enzyme digestion reactions as the mucin in the dermal glands. 
We believe, from this histological evidence, that the final discharge of mucin from 
the dermal glands condenses on the inner surface of the old cuticle and forms a 
lubricating film against the outer waxy layer of the new epicuticle during ecdysis. 


CONCLUSIONS 

This work has shown that the majority of dermal glands in the epidermis of 
Rhodnius produce a positive mucin staining material, and this may be the sole 
function of these glands which stain with alcian blue. Enzyme digestion tests 
indicating the presence of hyaluronic acid support the view that these dermal 
glands secrete a mucin. It seems unlikely that both mucin and enzymes are secreted 
by the same cells, and it is possible that the function of the small number of glands 
with no evidence of mucin before moulting is to secrete cuticle digesting enzymes. 
The dermal glands were found to be empty but distended after ecdysis; this 
suggests that some internal pressure mechanism may empty the sacs. Mucin can 
be detected as a condensed layer on the inner surface of the old cuticle, where it 
undoubtedly acts as a lubricating layer against the wax layer of the new epicuticle 
during moulting. 


Acknowledgement—The authors wish to express their appreciation to Prof. V. B. 
WIGGLESWoORTH for making available the original stock of Rhodnius used in this work, 
and for his comments on our original manuscript. 
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Abstract—Several oximes were found to inhibit the glutamic-aspartic and glutamic- 
alanine transaminases of the silkworm, Bombyx mori L. as well as the glutamic-aspartic 
transaminases of rabbit liver and Escherichia coli. Kinetic studies indicate that the inhibi- 
tion by pyruvic oxime of silkworm glutamic-aspartic transaminases is not reversed by 
either a-ketoglutarate or pyridoxal phosphate, but some reversal occurs with aspartate. 
Aspartic decarboxylase of the silkworm is also inhibited by pyruvic oxime. We were 
not able to demonstrate transoximase or an enzyme hydrolysing pyruvic oxime in silk- 
worm extracts. 


INTRODUCTION 
Oximes of keto acids and of sugars are metabolized in a variety of mammalian 
tissues, in silkworm preparations, and in micro-organisms. The following four 
types of enzymes which participate in these reactions have been described: 


(a) Oximase, which reduces oximes to amino compounds, is present in mammalian 
tissues, in algae, and in gut-free preparations of silkworm larvae (YAMAFUJI, 
KAWAKAMI and Surnonara, 1952b; Yamarvuy! et al., 1954; YamMaruy! et al., 1956a). 
(b) Pyruvic oxime oxidase catalyses the decomposition of the oxime into pyruvic 
acid and nitrate by soil micro-organisms (QuasTeL et al., 1952). (c) Tetrahymena 
pyriformis contains an enzyme, which has been partially purified, that catalyses 
hydrolysis of pyruvic oxime to pyruvic acid and hydroxylamine (SeaMAN, 1954, 
1957). (d) Transoximase has been described by Yamaruyt et al. (1953b) and by 
Yamaruyj! et al. (1956b). ‘This enzyme, which has been found in silkworm larvae 
and a few mammalian tissues, catalyses the transfer of the oxime group from such 
substances as glucose oxime, pyruvic oxime, and acetoxime to acceptor carbonyl 
compounds. For example, pyruvic oxime transfers its oxime group to a mixture 
of acetaldehyde and acetone or to a-ketoglutarate (YAMAFUjI and Akira, 1952a). 
Silkworm tissue extracts also contain a group of transaminases (BHEEMESWAR and 
SREENIVASAYA 1952; Koupe et al., 1955; Kone et al., 1956; Fuxupa, 1956, 1957), 
and we were interested in comparing transoximase with these transaminases. In 
the preliminary work, it soon became apparent that oximes were powerful inhibitors 


* Contribution No. 495, Forest Biology Division, Science Service, Department of Agriculture, 
Ottawa, Canada. 
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of transaminases and in this study we have investigated the nature and specificity 
of this inhibition in an attempt to assess the biological function of pyruvic oxime 
in the silkworm. 


MATERIALS 

Pyruvic oxime was prepared by reacting 1-0 g of sodium pyruvate (Nutritional 
Biochemical Corporation, Cleveland, Ohio) with 4-0 g hydroxylamine hydrochloride 
and 4-0 g sodium acetate in about 5 ml water. The mixture was heated in a 
boiling water bath for 10 min and then cooled in ice. Crystals appeared on 
scratching the vessel with a glass rod and they were washed repeatedly with cold 
absolute alcohol to remove hydroxylamine, and dried over silica gel. The resulting 
needle shaped crystals had a sharp m.p. 183-4°C and the yield was 35 per cent of 
the theoretical. The preparation was free from hydroxylamine and pyruvate as 
checked by chromatographic and enzymatic assays. 

x-Ketoglutaric oxime was prepared according to Woop et al. (1948). The 
crystals were further purified by washing with 2 N HC1 to remove excess hydroxy- 
lamine and the residue dried over silica gel. The preparation was checked for 
purity by chromatography, and the final product had a m.p. 119-122°C. The 
yield was 20 per cent of the theoretical. 


Mannose, ribose, and acetone oximes were prepared according to WOLFROM and 
THOMPSON (1931) and were recrystallized twice from 60 per cent methanol. 
These products were chromatographically pure and had m.p. 182-185, 133-136, 
and 40-43°C respectively. 

Reduced diphosphopyridine nucleotide (DPNH) was the purified grade of the 
California Research Foundation, Los Angeles, California. 


Malic and lactic dehydrogenases, twice crystallized from rabbit muscle, were 
obtained from Worthington Biochemical Corporation, Freehold, N.J., and stored 
at 4°C. 

The silkworm transoximase preparation was obtained by homogenizing the gut- 
free tissues of the silkworm in a Waring blendor with 5 volumes of M/15 phosphate 
buffer of pH 5-6 and was stored at — 10°C. 


The silkworm transaminase preparation was obtained by homogenizing the 
gut- and gland-free tissues in 5 volumes of M/15 phosphate buffer, pH 7-4. 
The homogenate was kept at 4°C for 3-4 hr, then centrifuged, and the clear 
straw-coloured supernatant was stored at — 10°C. 

Liver transaminase was obtained from a nembutal-anaesthetized rabbit. The 
ground liver was extracted in a Potter-Elvehjem homogenizer with M/15 phosphate 
buffer of pH 7-4. The clear centrifugate was dialysed against water at 4° for 18 hr 
and stored at — 10°C. 

Transaminase from E. coli: Washed and dehydrated E. coli cells (50 mg) 
previously grown in nutrient broth were extracted in a Mickle disintegrator with 
20 g glass beads and 10 ml of M/15 phosphate buffer, pH 7-4. The opalescent 
extract was stored at — 10°C. 


= 
wey 
‘tae 
5 
a 
ve 
1% 
Nel 
. 


METABOLISM OF OXIMES IN THE SILKWORM BOMBYX MORI L.—1 351 


METHODS 

Transoximase was assayed by measuring pyruvate produced as a result of the 
transference of the oxime group from pyruvic oxime to a mixture of acetone and 
acetaldehyde at pH 5-6. (Yamaruyi et al., 1953b). Pyruvate was determined spec- 
trophotometrically at 340 my in the presence of lactic dehydrogenase and DPNH. 

Glutamic-aspartic and glutamic-alanine transaminase activities were assayed 
spectrophotometrically using malic and lactic dehydrogenases and DPNH 
(KARMEN, 1955). The test system for glutamic-aspartic transaminase activity 
consisted of 33 4M L-aspartate, 33 uM a-ketoglutarate, 0-25 «M DPNH, 330 
uM phosphate buffer (pH 7-4), 0-2 ml malic dehydrogenase (1:10), and 0-1 ml 
transaminase preparation in a total volume of 3-0 ml. The mixture was incubated 
at room temperature (21°C). The decrease in optical density at 340 my was 
measured at 30 sec intervals. A unit of transaminase was taken as that amount 
of enzyme which causes a decrease of 0-001 optical density units per minute under 
the conditions specified above. The glutamic-alanine transaminase test system 
consisted of 66 pti-alanine, 33 a-ketoglutarate, 330 phosphate buffer 
(pH 7-4), 0:25 u»M DPNH, 0-2 ml lactic dehydrogenase (1:100), and 0-1 ml 
suitably diluted transaminase preparation. 

Decarboxylase activity was assayed by measuring the volume of carbon dioxide 
produced as a result of the enzymatic decarboxylation of L-aspartate at pH 5-0 in 
0-2 M acetic-acetate buffer at 37°C in a conventional Warburg instrument with 
air as the gas phase. ‘The assay system consisted of 100 «M aspartate, 1-0 «M 
a-ketoglutarate as the activator (BHEEMEsWwarR, 1955) and 40 uM buffer in a total 
volume of 1-0 ml. The microlitre gas evolved during 60 min incubation following 
a 10-min equilibration period was taken as a measure of the decarboxylase activity. 

Oximes and amino acids were separated by ascending chromatography using 
Whatman No. 1 filter paper. ‘The chromatographic solvent for separation of the 
keto acid oximes (YAMAFUjI and Eto, 1953a) contained amyl acetate, 80 per cent 
formic acid, and water (4:1:1 by volume, upper layer). The spots were detected 
by spraying the paper with 1-0 per cent alcoholic solution of FeC1,. Ribose and 
mannose oximes were separated in ethyl acetate-acetic acid 50/50 v/v., and the 
spots were detected with ammoniacal silver nitrate. Amino acids were separated 
chromatographically in methanol-water-pyridine 80:20:4 by volume (REDFIELD, 
1953) and detected by the ninhydrin reaction. 


RESULTS 

It was found that the spectrophotometric method of assaying transaminase was 
suitable in these studies. ‘The rate of oxidation of DP NH by malic and lactic dehydro- 
genases in the presence of oxalacetate and pyruvate was unaffected by several 
oximes, indicating that these dehydrogenases are not inhibited by oximes (Fig. 1). 

Transoximase activity was, however, not detected in our silkworm preparations 
when they were incubated in the standard test system from 4 to 16 hr at 35°C. 
Under our assay conditions we could have measured the formation of as little as 
0-01 uM pyruvate. 
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The addition of malic dehydrogenase was found to be unnecessary in the assay 
of glutamic-aspartic transaminase activity as a DPN-specific malic dehydrogenase 
was present in all our transaminase preparations in optimal concentrations. It was 
established that the rate of decrease of optical density was proportional to the length 
of incubation and the enzyme concentration with the various transaminase prep- 
arations used. 


PYRUVATE 
ADDED 


| O-2u.M OXALACETATE 
ADDED 


OPTICAL DENSITY 


Fic. 1. Test system A contained 330 uM phosphate buffer of pH 7-4, 0-25 «»M DPNH, 
0-2 ml lactic dehydrogenase, and 1-0 «1M pyruvic oxime in a total volume of 2°9 ml. At the 
end of 4 min 0-2 1M pyruvate was added. System B contained 330 uM phosphate buffer 
of pH 7-4, 0-25 uM DPNH, 0:2 ml malic dehydrogenase, and 1-0 «1M pyruvic oxime in a 
total volume of 2-9 ml. At the end of 6 min 0-2 uM oxalacetate was added. 


The data in Table 1 show that oximes such as those of pyruvic acid, a-keto- 
glutaric acid, ribose, mannose, and acetone are inhibitors of silkworm glutamic- 
aspartic transaminase. Of those mentioned pyruvic oxime is the most effective. 
Pyruvic oxime also inhibits two other amino acid-utilizing enzymes inthe silkworm, - 
namely glutamic-alanine transaminase, and aspartic decarboxylase. A comparison 

is given in Table 2 of the effect of pyruvic oxime on the glutamic-aspartic, glutamic- ° 
alanine transaminases and aspartic decarboxylase of the silkworm. ‘The 
transaminases are considerably more sensitive to the oxime than is aspartic 
decarboxylase. 
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4 2 TABLE 1. THE INFLUENCE OF OXIMES ON SILKWORM GLUTAMIC-ASPARTIC 
TRANSAMINASE 


Concentration Percentage 
Oximes of inhibitor (M) inhibition 


Pyruvic oxime 3:33 x 10-* 79-0 
a—Ketoglutaric oxime 3-33 x10" 68 
a—Ketoglutaric oxime 1-66 x 10° 50-1 

Ribose oxime 3-33 x 57-1 
Acetone oxime 3-33 x 10° 60-0 
Mannose oxime 1-6 12-1 


TABLE 2. THE INHIBITION OF THREE SILKWORM ENZYMES BY PYRUVIC OXIME 


Concentration Percentage 
Enzymes of inhibitor inhibition 


Glutamic-aspartic transaminase 1-0x 10° 29:8 
10-* 85-5 

Glutamic-alanine transaminase 3:33 x 10°* 
6°66 x 10-* 100-0 

Aspartic decarboxylase 75 x10 79-0 
1-0 100-0 


It was of interest to determine whether preparations having transaminase 
activity and obtained from sources other than insects were also inhibited by 
oximes. In Table 3 the effects of pyruvic oxime, a-ketoglutaric oxime, and hydro- 
xylamine, all at the same molar concentration, have been compared with 
preparations having glutamic-aspartic activity obtained from E. coli, rabbit liver, 
and the silkworm. The inhibitions due to pyruvic oxime and hydroxylamine on 
the transaminases from all three sources are of a comparable order. Rabbit 
liver transaminase is, however, more sensitive to a-ketoglutaric oxime than are 
transaminases obtained from E. coli and the silkworm. 


INFLUENCE OF PYRUVIC OXIME, &-KETOGLUTARIC OXIME, AND HYDROXYLAMINE ON 
GLUTAMIC-ASPARTIC TRANSAMINASES FROM VARIOUS SOURCES 


TABLE 3. 


Percentage inhibition at 33-3 x 10-* M by 


Source of enzyme pyruvic oxime a-ketoglutaric oxime hydroxylamine 
E. coli 86-0 | 11-5 | 84-0 
Rabbit liver 73-0 60:8 85-0 
Silkworm 73-0 | 6-8 | 84-0 


Kinetic studies on the silkworm glutamic-aspartic transaminase show that 
when the reciprocal of the rate of the transamination reaction is plotted against 
the reciprocal of the substrate concentration according to the method of 
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LINEWEAVER and Burk (1934) a straight line is obtained (Fig. 2). The intercept with 
the abscissa is the reciprocal of the Michaelis constant (K,). Values of 6°66 x 
10- M for aspartate (Fig 2a) and 5-0 x 10-° M for x-ketoglutarate (Fig. 2b) 
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Fic. 2. (a) Standard test system for glutamic-aspartic transaminase as indicated in the 


text with concentrations of L-aspartate and pyruvic oxime varied as indicated. 


(b) Standard test system for glutamic-aspartic transaminase as indicated in the 


text with concentrations of a-ketoglutarate and pyruvic oxime varied as indicated. 


were obtained. Reaction rates plotted in the presence of various concentrations 
of pyruvic oxime indicate that inhibition is non-competitive with respect to either 
of the substrates although some reversal is obtained with aspartate. Pyridoxal 
phosphate is ineffective in reversing the inhibition, which suggests that pyruvic 


oxime does not form a complex with the coenzyme. 


DISCUSSION 

We have been unable to demonstrate pyruvate formation from pyruvic oxime 
in silkworm tissue extracts, and we conclude that neither transoximation nor 
pyruvic oxime hydrolysis take place in them. It is possible however that our 
method of extraction could have inactivated enzymes responsible for pyruvic 
oxime metabolism. Accordingly we report on the in vivo metabolism of pyruvic 
oxime in the following paper. 
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Our main im vitro results with pyruvic and other oximes have been to 
demonstrate that they are inhibitors of three enzymes associated with amino 
acid metabolism, i.e. glutamic-aspartic and glutamic-alanine transaminases and 
aspartic decarboxylase, but have no effect on dehydrogenases such as those of 
malic and lactic acid. In particular, pyruvic oxime is as powerful an inhibitor 
of transaminase as is hydroxylamine. As pointed out by GUNSALUs and STAMER 
(1955), kinetic studies on transaminases in which there are four reactants as well 
as two coenzymes are extremely difficult to interpret and we are unable to account 
for the mechanism of oxime inhibition of transaminases. 
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Abstract—The endogenous 24-hr emergence rhythm of the moth Ephestia kiihniella 
Zell. was unaffected by a daily variation of atmospheric pressure oF humidity. Decrease 
in temperature from 30° to 25°C initiated a new rhythm of emergence; the opposite 
change did not affect the existing emergence rhvthm. A change from light to darkness 
stimulated emergence, a change from darkness to light retarded it. A single decrease 
of temperature or change of light intensity initiated a new rhythm of emergence. A 16-hr 
periodicity of emergence W as initiated by a corresponding periodicity of temperature 
but the rhythm reverted to a 24-hr periodicity immediately the temperature variations 
ceased. No 24-hr rhythm of oxygen consumption by the pupa in uniform conditions 
could be detected. The time between peak periods of emergence appeared to increase 
when pupae were kept in constant conditions in a gas mixture containing 7 per cent 
oxygen. The endogenous emergence rhythm was displaced by about 12 hr after pupae 
had been kept at 05°C for 12 hr. 


INTRODUCTION 

Bremer (1926) found that the moth Ephestia kithniella Zell. exhibits a 24-hr rhythm 
of emergence from the pupa, with most emergences in the evening. Scott (1936) 
showed that this rhythm is endogenous (as defined by Park, 1941) and is influenced 
by variations of temperature. He also found that the variations of light intensity 
apparently affect the time of emergence, although he was unable to dissociate light 
variation completely from temperature variation. This paper Is a further study 
of factors influencing emergence. 


MATERIAL AND METHODS 
A culture of E. kiihniella was obtained from those maintained at the Imperial 
College Field Station, Silwood Park, Berks., and the moths were reared in muslin- 
covered glass jars containing a mixture of whole-meal flour, middlings and glycer yl. 
‘They were kept in a constant temperature room at 25 + 0-1°C, and ata relative 


humidity of 65 +. 5 per cent. Lighting was variable; usually two 60 W bulbs were 


on, but for some experiments the room was in darkness. To facilitate the collection 
of pupae, strips of corrugated cardboard were rolled up and placed in the culture 
jars, so that many of the larvae pupated in the interstices of the cardboard. 

For experiments the pupae were kept in 5-in. petri dishes, placed in circular 
glass troughs covered with glass plates and containing 15 per cent aqueous 
potassium hydroxide, which absorbed carbon dioxide and maintained a relative 
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humidity of about 85 per cent (although preliminary experiments showed no 
evidence for changes of humidity affecting emergence). 

The number of newly emerged adults was counted every 4 hr. Where it is stated 
that the pupae were kept in constant darkness, actually they were exposed to light 
for a short while each time the number of new adults was counted. All times are 
stated in terms of the 24-hr clock, and are G.M.T. 


Effect of temperature 

T'wo groups of pupae were kept for ten days in normal laboratory conditions 
(14-24°C). Both groups were then placed in continuous darkness at a constant 
temperature, one at 25°C, the other at 30°C. Both groups showed a normal endo- 
genous emergence rhythm, the maximum rate of emergence occurring at about 
17.00 hr each day. 


At 5.00 hr on the fourth day of observation, the pupae were transferred from 
the one constant temperature to the other. The rhythm was unaffected by an 
increase of temperature, but in the pupae that were removed to a lower temperature 
there was a change in the time of day at which most adults emerged, the greatest 
number recurring at about the time when the pupae had been transferred to the 
lower temperature (Table 1). It seemed probable that this change depended on 


TABLE 1. EFrrect or CHANGE OF TEMPERATURE ON THE NUMBER OF ADULTS EMERGING 


Time of observations 
Experimental conditions 


Increase of temperature 

pupae at 25 C for 3 days 8 46 
pupae transferred to 30 C at 5.00 hr 
for 3 days 


Decrease of temperature: 


| 
pupae at 30°C for 3 days 21 | 35 | 26 | 155 59 45 

> | | 

pupae transferred to 25° C at 5.00 hr | 
for 3 days 124 | 63 52 | 32 32 124 


the time of day at which the temperature was lowered. However, it was possible 
that this alteration in time of the maximum rate of emergence was due to a tempor- 


ary upset of the metabolism before acclimatization to the new temperature, and 
that, whatever the time of day at which transference occurred, there would stil] 
be a similar displacement of the peak period by about 10 hr. ‘To test this possibility, 
two groups of pupae were kept in continuous darkness at 30°C. After three days, 
when it was clear that the maximum rate of emergence occurred during the 
period 13-17 hr, one group was transferred to 25°C at 1.00 hr, the other at 9.00 hr. 
In both groups the subsequent time of maximum emergence occurred at about 
that time of day when they were transferred to the lower temperature. 
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These results indicate that the fall of temperature is a stimulus for emergence, 
and that a single such fall is sufficient to start a new endogenous rhythm of emer- 
gence. ‘These conclusions suggested that the 16-hr rhythm of emergence associated 
with a corresponding periodicity of temperature variations (Scott, 1936) would 
not continue in a constant temperature, but would revert to a 24-hr endogenous 
rhythm. This was confirmed by the following experiment. ‘Two groups of pupae 
were kept for alternate 8-hr periods at 25°C and 30°C, but always in darkness. 
After five days the pupae were kept at a constant temperature. Observations were 
started on the third day. While the temperature had a 16-hr periodicity the 
emergence showed a similar periodicity (Table 2a). The emergence rhythm 
reverted to a 24-hr periodicity when the temperature was kept constant (‘Table 2b): 
the peak period of emergence occurred about every 24 hr after the last fall in 
temperature, which was at 9.00 hr for lot A, and at 1.00 hr for lot B. 


TABLE 2a. EMERGENCE WITH 16-HR PERIODICITY OF TEMPERATURE ALTERNATION 


| 


Group B 
‘Temperature 
4-hr periods of 16-hr day Ist 2nd 3rd 


Total number of adults 
emerged after 5 16-hr 


14 19 


TaBLe 26. NUMBER OF ADULTS EMERGING AT CONSTANT TEMPERATURE AFTER A 16-HR 
PERIODICITY OF TEMPERATURE ALTERNATION 


Time of observations 
Experimental conditions 


Group A at 2 
3 


5°C for 2 days 
Group B at 30°C f 


( or 2 days 


Effect of light 

In the following experiments the light source was a 60 W electric light bulb 
about 5 ft above the pupae. For darkness the troughs containing the pupae were 
covered in black cloth, when the air temperature inside the trough fell by about 
O-1°C, 

In these conditions, with alternate 12-hr periods of light and darkness, most of 
the adults emerged at about the start of the dark period, which agrees with Scott's 
results. 

In a similar experiment, one group of pupae had the two areas of pupal cuticle 
that cover the developing compound eyes painted with a black stove enamel. 
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Their emergence rhythm was found to be similar to that of an untreated group 
of pupae, even when, on a repetition of the experiment, the light intensity to 
which both groups of pupae were exposed was reduced from about 5 to 0-08 
lumens /ft?. 

‘To determine whether light or temperature was the relevant factor, one group 
of pupae was kept in darkness each day from 9.00 till 21.00 hr, and in light from 
21.00 till 9.00 hr. During exposure to light the air temperature in the trough was 
25-1°C, during the period of darkness the trough was kept in another part of the 
constant temperature room, where the air-temperature was 25-3°C. A control 
group of pupae was kept in continuous darkness and subjected to a similar variation 
of temperature. The control group exhibited the original endogenous rhythm, 
with most emergences occurring towards the evening, while the other group had 
a maximum emergence at the start of the dark period (Table 3). A further experi- 
ment also showed that such a rhythm associated with light and darkness is 
endogenous (Moriarty, 1953). 


TABLE 3. EFFECT OF ALTERNATION OF LIGHT AND DARKNESS 
ON THE NUMBER OF ADULTS EMERGING 


| 

| ry 

lime of observations 
Experimental conditions —_|———— yp 


| 
| 
Light 21-9 hr for 5 days 
Continuous darkness for 5 | 


days 


To elucidate the manner in which the light influences the emergence rhythm, 
five groups of pupae were exposed daily to light at 21.00 hr and were returned 
to darkness after various multiples of 4 hr had elapsed. Observations were started 
after one day. ‘The results, shown in Fig. 1, re-affirm that it is the ight variations, 
and not the concomitant temperature variations, that induce an emergence rhythm; 
if it were only the associated temperature effects that influenced emergence the 
maximum rate of emergence for all five groups would have occurred at about the 
time of transference from light to darkness. It seems that the shorter the light 
period the earlier the peak of emergence, although the variation in duration of 
the light periods is greater than the corresponding variation of the time of the 
maximum rate of emergence. 

For further information, pupae were subjected to single changes of light 
intensity. Pupae that had been exposed to varying environmental conditions for 
several days were placed in the constant temperature room in continuous light or 
darkness. When it was clear that an endogenous rhythm of emergence existed, 
one half of the pupae was transferred to darkness, if they had been in continuous 
light, or to light if in continuous darkness. In all instances the control half 
continued to exhibit the original endogenous rhythm. In general the results 
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obtained with the transferred pupae showed that transference to light delayed 
emergence, and transference to darkness stimulated it; the magnitude of these 
effects depended on what part of the daily cycle had been reached when the 
transference occurred. Thus, when pupae that had been in darkness were exposed 
to light 4-8 hr after the maximum rate of emergence had occurred the inhibitory 
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Fic. 1. Emergence of adults in alternating light and darkness. 
Ordinates: number of emergences. 
Absciss: time from start of experiment in days. 
Cross-hatching indicates times of darkness. 


effect of light on emergence was not very noticeable, for few emergences would 
be expected at this time, and the original rhythm continued, with little disturbance. 
However, with suitable timing relative to the endogenous peak of emergence, the 
single transference into either light or darkness clearly initiated a new rhythm 


(Tables 4 and 5). 
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TABLE 4. EFFECT OF TRANSFERENCE FROM DARKNESS TO LIGHT 
ON THE NUMBER OF ADULTS EMERGING 


Time of observations 


Experimental conditions 


4 days’ continuous darkness 80 45 17 7 21 53 
Pupae transferred to light at 13.00 
hr for 2 days 


EFFECT OF TRANSFERENCE FROM LIGHT TO DARKNESS 
ON THE NUMBER OF ADULTS EMERGING 


TABLE 5. 


Time of observations 


Experimental conditions 


17 


64 34 18 16 


3 days’ continuous light 7 18 
Pupae transferred to darkness at 
5.00 hr for 3 days 63 35 7 5 50 97 


Interaction of light and temperature 


In normal conditions fall of temperature and decrease of light intensity occur 
at about the same time of day. Both these changes stimulate emergence. 

Some pupae were kept daily from 9.00 to 21.00 hr at 25°C and from 21.00 
to 9.00 hr at 30°C. They were in darkness while at the higher temperature, and 
in light at the lower temperature. Observations commenced after two days. 
The results are very similar to those obtained with pupae subjected to a similar 
alternation of light and darkness at a constant temperature (Table 6). On the 


TABLE 6. EFFECT OF COMBINED LIGHT AND TEMPERATURE ALTERNATIONS 
ON THE NUMBER OF ADULTS EMERGING 


Time of observations 


Experimental conditions 


21 1 5 


4 days with light and 25°C 9-21 

hr 5 31 73 90 38 
3 days with light 5-17 hr and 
25°C 9-21 hr 5 


fifth day of observation the pupae were transferred to light and darkness 4 hr 
earlier, but the time of temperature change remained the same. The peak period 
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of emergence also came forward by about 4 hr. In both instances the temperature 
variations appear to have no effect on emergence except that a few emergences 
occurred in all periods of the day. 


Relationship with general metabolism 


The rate of oxygen consumption was chosen as the index of metabolic rate. 
Single pupae were kept at 25°C in a differential respirometer (D1xon, 1956). 
The position of a paraffin droplet in the connecting tube was recorded automatically 
at hourly intervals when a light shone for a few seconds: the paraffin droplet 
acted as a lens and focussed light on to a rotating sheet of bromide paper. There 
was no sign of a 24-hr variation in the amount of oxygen consumed: if one existed, 
the magnitude of the variation must have been less than 5 per cent of the total 
oxygen consumption. 

During these experiments the oxygen tension in the reaction flask decreased. 
Experiments with standard Warburg manometers showed that the oxygen con- 
sumption of single pupae is unaffected by a decrease to 10 per cent oxygen. 
Subsequently, pupae were kept in various mixtures of nitrogen with low per- 
centages of oxygen. No emergences were obtained in mixtures containing up to 
6 per cent oxygen. With 7 per cent oxygen evidence was found of a lengthening 
of the periodic time, although it was not very pronounced, the peak of emergence 


TABLE 7. EFFECT OF 7 PER CENT OXYGEN ON THE ENDOGENOUS EMERGENCE RHYTHM 


Day of Experiment Time of observations 


21 1 


Air 
45 
7% Oxygen 

14 

10 

9 

Air 

29 


TaABLe 8. EFFECT OF LOW TEMPERATURE ON THE NUMBER OF ADULTS 
EMERGING DURING 5 DAYS 


Time of observations 
Experimental conditions E - 


Normal 
12 hr at 0-5°C 


4 
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13. | 17 5 9 
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being retarded by about 4 hr after three days (‘Table 7). The control pupae, exposed 
to air, showed a normal emergence rhythm. 

In a final experiment two groups of pupae were kept in varying conditions for 
several days, after which one group was placed at 9.00 hr in the constant tempera- 
ture room at 25°C in darkness. The other group was moved at the same time, 
but was kept in a refrigerator at 0-5°C for 12 hr before being placed in the constant 
temperature room. Both groups exhibited an endogenous emergence rhythm, 
but they were 12 hr out of phase (‘Table 8.) 


DISCUSSION 

A fluctuating external factor cannot control an endogenous rhythm unless its 
variations have the same periodic time as the rhythm. Scorr (1936) discussed 
such factors, and concluded that light and temperature are probably the most 
important. PicteT (1918) concluded, from observations on many species of 
Lepidoptera, that a decrease of atmospheric pressure stimulates, and an increase 
of atmospheric pressure retards, emergence from the pupal cuticle. No indication 
could be found of such an influence on emergence in E. kiihniella. 

Scott showed that temperature variations induced emergence rhythms, 
with maximum emergence occurring at that time when the temperature starts 
to fall. He also performed four experiments to discover whether variations of 
light intensity have any effect on the emergence rhythm. In the first three 
experiments the results were quite possibly caused by temperature changes 
associated with the light changes. For the last experiment the pupae were left 
in their cultures of flour inside tins. They were kept in a room that received strong 
daylight and had a sufficiently pronounced diurnal periodicity of temperature 
to induce an emergence rhythm in the control pupae, which were in continuous 
darkness. The temperature started to fall at about 15.00 hr, and most of the moths 
emerged from the control pupae during the period 15.00-19.00 hr. Similar 
results were obtained with pupae exposed to light daily from 3.00 hr till 11.00 hr; 
but with pupae exposed to light from 3.00 to 19.00 hr, although many adults 
emerged during the period 15.00-19.00 hr, maximum emergence occurred about 
3 hr later than in the other two groups of pupae. Scott took this as proof of the 
inhibitory effect of light on emergence, but it was possible that the continued 
exposure of the pupae to light delayed the time at which the temperature started 
to fall. ‘There is also the incidental difficulty, which Scorr states, of understanding 
how light could affect pupae that are inside their cocoons and covered by 
flour. 

The experiments described in this paper demonstrate the influence of light 
variations, independent of any associated temperature variations, on the emergence 
rhythm. A subsidiary reason for thinking that perhaps the associated temperature 
change was the real cause is the difficulty of understanding how pupae in their 


normal environment could perceive light. This objection is reduced since it has 
been shown that quite a low light intensity was sufficient to start a rhythm, even 
when the developing compound eyes were painted. 
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Workers investigating the emergence rhythm of adult insects have usually 
found that variations of light intensity appear to affect emergence, although 
sometimes associated temperature changes may be important (see PALMEN, 1955, 
for review of the literature). ‘The exact mechanistn, however, appears to differ in 
different species. Bretr (1955) found that in Drosophila melanogaster a single 
period of illumination of between 1 min and 12 hr in the larval stage is sufficient 
to establish an emergence rhythm, with the phases determined by the time at 
which the light period started. In Ephestia kiihniella the length of the light period 
is important: the longer the light period, the longer the time from the start of the 
light period when the maximum emergence occurs (Fig. 1). This is true also of 
the chironomid Pseudosmittia arenaria (REMMERT, 1955). 

In Ephestia kiihniella it is suggested that this result is a combination of the 
inhibitory effect of transference to light and the stimulatory effect of transference 
to darkness. RemMMerT found that in continuous darkness no adults of Pseudo- 
smittia arenaria emerged, so the mechanism cannot be identical. Brerr (1955) 
found that, although continuous light does not prevent emergence of Drosophila 
melanogaster, it does upset the rhythm. 

There is often the possibility that a rhythm said to be endogenous is actually 
exogenous. One can envisage a periodically varying external factor by which 
the periodic time of the rhythm is kept constant, but which does not determine 
at what time the maximal and minimal values shall occur. This possibility of 
dependence on a varying external factor is excluded if the periodic time of the 
rhythm can be altered in uniform conditions. 

Micuac (1931) states that motionless pupae of Tenebrio molitor have as large 
a daily variation of oxygen consumption as the larvae, and that it varies by about 
a factor of two. No such variation could be found with Ephestia kiihniella. By 
keeping pupae at 0-5°C for 12 hr the emergence rhythm was delayed by a similar 
period (‘Table 8). This result, and Micna’s, support the idea that some metabolic 
process is involved, although it must be independent of temperature to some 
extent, for transference from 25° to 30°C does not alter the rhythm 
(Table 1). 

HARKER (1958), in a review of 24-hr rhythms throughout the animal kingdom, 
suggests that cells have an innate 24-hr periodicity of activity. If the emergence 
rhythm is controlled by such a rhythm of the nervous system, it is not surprising 
that no rhythm of general oxygen consumption could be found. Various mechanical 
analogies have been suggested. Recently BUNNING (1958) suggested an analogy 
with oscillation that also allows for results obtained by the temporary subjection 
of organisms to temperatures in the range 0-10°C. 
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Abstract—Within a few days of settling down on a host plant, alate aphids of most 
species undergo a change in metabolism which becomes manifest in breakdown of the 


flight muscles, resumption of embryo development in the ovarioles, and hypertrophy 


of the fat body. In this paper an account is given of the histology of flight muscle break- 


down, and experimental evidence is presented which suggests that the change in metabo- 


lism in the aphid is brought about by the secretion of a hormone. Muscle breakdown 


and fat body hypertrophy could be initiated in aphids in response to abnormal afferent 


stimuli, as when aphids were tied down on inert surfaces. 


INTRODUCTION 
WHEN alate aphids of most species settle down to feed and reproduce on a host 
plant they undergo a change in metabolism that results in their conversion from a 
migratory to a sedentary insect: their flight muscles degenerate and reproductive 
development proceeds. In a previous paper (JOHNSON, 1957) an account was 
given of the time of occurrence of flight muscle breakdown in alatae of a number 
of species of aphids in relation to reproductive development. In this paper the 
various histological events which occur at this time are described, and an account 
is given of experiments which were conducted in an attempt to determine the 
nature of their controlling mechanism. 


MATERIALS AND METHODS 

The aphids used were mostly alate alienicolae of Acyrthosiphon pisum Harris 
which were reared on young broadbean (Vicia faba L.) plants. A few of the 
observations relate to other species; where this is so it is indicated in the text. 

In histological studies the aphids were fixed in Carnoy’s fixative, double 
embedded in celloidin and paraffin and sectioned at 5u. The sections were stained 
with Delafield’s haematoxylin and eosin and examined under ordinary illumination 
and phase contrast. 

In a number of experiments aphids were kept off their host plant for various 
periods. Aphids which are kept off their host in the light are normally very active 
and soon die of desiccation and exhaustion. In the present experiments they were 


* Most of the work described in this paper was carried out in the Department of Zoology, University 
of Cambridge, England. 
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kept at 13°C in darkness in petri dishes containing a damp filter paper. Under 
these conditions they frequently survived for as long as 10 days. The aphids were 
sometimes found with their stylets inserted in the filter paper. Feeding however 
was not apparently essential for survival during this time as decapitated aphids 
survived for comparable periods. 

While they were being operated on, the aphids were anaesthetized in a stream 
of carbon dioxide. Operations were done with fine needles and scalpels and the 
wounds were sealed with paraffin wax applied with a microcautery. Aphids are 
delicate soft-bodied insects and gentle handling was necessary to ensure their 
survival, but it was surprising what mutilations they could survive. 


FLIGHT MUSCLE BREAKDOWN 

The thoracic musculature of alate aphids has been described by WEBER (1930). 
In the mesothorax, the dorsoventral muscles, the longitudinal muscles, and some 
pleural muscles are well developed and are responsible for vibration of the wings 
during flight. Basalar and subalar muscles are absent in aphids and their place is 
taken by modified pleural muscles. In the metathorax, the flight muscles are not 
highly developed and the hindwings are coupled to and motivated by the forewings 
during flight. 

All of the large direct and indirect flight muscles in the pterothorax were found 
to break down in the imago. These included the following muscles which are 
named according to WEBER’s (1930) classification of the muscles of the thorax of 
alate aphids: 

Mesothorax—Dorsal longitudinal muscles 1 and 2; dorsoventral muscles 

1 and 2; pleural muscles 1 to 4 (the remaining smaller pleural muscles 5 to 12 

persist). 

Metathorax—Dorsoventral muscles 1; pleural muscles 1. 

These constitute all of the main direct and indirect flight muscles, and aphids 
in which these muscles have broken down appear to be incapable of vibrating 
their wings at all, although they are able to elevate and fold them, these movements 
presumably being carried out by the small pleural muscles (II pm, 10, 11, 12) which 
remain intact. Normally the commencement of muscle breakdown and the rate 
at which it proceeds are more or less uniform in the different muscles. In a number 
of insects, however, muscles were found in various stages of dissolution, the ventral 
bundles of the longitudinal muscles, I, and the dorsoventral muscles, I, usually 
showing less advanced breakdown than the other muscles. 

The muscles do not break down at the same rate in all species of aphids. In 
Aphis fabae Scop. breakdown generally proceeds slowly, and even in insects which 
have been settled down on a host plant for two weeks there is frequently a large 
amount of muscle left. In A. pisum, on the other hand, very little remains of the 
muscles after one week. 

Breakdown of the flight muscles consists of the apparently independent 
dissolution of the fibrils. In fixed preparations, the first evidence of breakdown of 
the fibrils is the appearance in them of small refractile ‘droplets’. ‘These increase 
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in number until they occupy the whole of the fibril which by then has become 
considerably swollen: they are then apparently released into the surrounding 
medium. The cross striations of the fibrils can still be distinguished after the 
appearance of the first ‘droplets’ in them. As autolysis proceeds the remaining 
fibrils become more widely separated from one another. In fixed preparations this 
is most apparent towards the ends of the muscle fibres, possibly because the muscle 
further removed from the attachments tends to become compressed during 
fixation. The sarcolemma or muscle sheath remains intact during and after muscle 
breakdown and the products of the degenerating muscles must be transported 
through it into the haemolymph. No evidence of the penetration of phagocytic 
blood cells through the muscle sheath, or of their accumulation outside the sheath, 
could be found. 

During histolysis the muscle nuclei undergo various changes. In intact 
muscles they are arranged in rows between the fibrils and are small, elongated, and 
densely staining. As the fibrils degenerate the nuclei become scattered throughout 
the remaining fibrils, increase considerably in size and become more rounded. 
After the fibrils have disappeared the nuclei persist for some time in a pycnotic 
condition in the muscle sheath and sometimes become grouped into spherical 
bundles as their numbers are reduced. 

After the fibrils have disappeared, the tonofibrillae by which the muscles were 
originally attached to the cuticle can still be distinguished in the hypodermis. As 
these structures are cuticula and are continuous with the cuticle their survival 
might be expected. As also might be expected, the tracheal system ventilating 
the flight muscles does not break down but persists in the thorax, and after the 
disappearance of the muscles it tends to resemble the ‘tracheal lung’ of Nepa 
which apparently originates in the same way (Hamilton, 1931). 


OTHER CHANGES TAKING PLACE 
CONCURRENTLY WITH MUSCLE BREAKDOWN 

Breakdown of the flight muscles is only one of a number of changes which 
take place in the aphid at this time. Other changes coincident with muscle histolysis 
are renewed development of the embryos, hypertrophy of the fat body, deflation 
of the pterostigmas, distension of the stomach and abdomen, and changes in the 
behaviour of the aphids (JoHNsON, 1957). 

During the last larval instar and the long teneral period following the final 
ecdysis, there is extensive development of the embryos in the ovarioles of alate 
aphids. Embryo development characteristically ceases or is greatly reduced soon 
after the end of the teneral period, and until the aphid settles down to feed on a 
new host there is very little further change in the size or degree of differentiation of 
the embryos. Alatae of A. pisum contain about 6-8 fully developed embryos that 
normally increase in size after the aphid settles and before they are born, but can 
be born and survive without the parent aphid feeding at all after the final ecdysis. 
In this respect it is similar to Macrostphum euphobiae (JOHNSON, 1957). Embryo 
development that takes place between settling and the initiation of flight muscle 
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breakdown appears to be limited to these largest embryos in the ovarioles; 
extensive development of the numerous smaller embryos does not begin until 


about the time the flight muscles begin to degenerate. 

In aphids with intact flight muscles the fat body in the thorax is compressed 
into the relatively small spaces between the flight muscles; after the muscles have 
degenerated the fat body fills a far greater part of the thorax. This increase in 
volume of the fat body is due entirely to hypertrophy of the cells and not to an 
increase in cell number. In the abdomen there is a similar hypertrophy of the 
fat body and this is most apparent in the peripheral layer. ‘The fat body cells 


subsequently become heavily laden with fat. 

Before settling on a host, the pterostigmas of young alate aphids are inflated 
with haemolymph and form roughly cylindrical structures situated about two 
thirds of the way along the forewing and extending in some species for about 
a quarter of its total length. When aphids are feeding, the stigmas become partly 
deflated, but as long as the aphids are still able to fly the stigmas soon become 
reinflated whenever the aphids are disturbed and induced to withdraw their 
stylets. Once the flight muscles have begun to break down and the aphids have 
lost the ability to fly, the stigmas no longer become fully inflated when the aphids 
are disturbed, and in aphids in which the flight muscles are very reduced the 


stigmas frequently become completely flattened and dry and the wings become 


more brittle suggesting that blood circulation to the wings has been interfered with. 
The surface of the cuticle of young alate aphids before settling down on a 
host plant is clean and shiny: in old aphids whether or not the muscles have 


begun to break down the entire cuticle becomes covered with a w axy bloom so 


that it loses its shiny appearance and becomes dull. This change is most marked 


on the head and the dorsum of the mesothorax. 

Within a few days of settling the forepart of the midgut shows a considerable 
increase in size, the length and diameter frequently increasing to twice their size 
before settling. As the stomach becomes larger it is pushed up farther into the 


thorax and comes to occupy much of the space left by the degenerating muscles. 
Aphids in which flight muscle histolysis has begun are readily distinguishable 
externally from aphids with intact muscles by the condition of their wings and 


cuticle and the size and shape of the abdomen. As embryo development and fat 


body hypertrophy proceed the abdomen becomes greatly distended resembling 
somewhat the shape assumed by aphids parasitized by Aphidius wasps. ‘This shape 
is retained for the rest of the lives of the aphids so long as they continue to feed 
and although later in their lives the abdomen contains very few embryos and is 


mainly filled with haemolymph. 


CONTROL OF MUSCLE BREAKDOWN 

It was noticed that the flight muscles normally only broke down in those aphids 
which settled down and remained feeding and reproducing on host plants: aphids 
which were kept off host plants remained alive for up to 10 days but whether or 
not they had previously undertaken any flight their muscles did not break down. 
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Neither did they break down in aphids which after reaching maturity were left for 
3-4 days on host plants in darkness. ‘This was due to their failure to settle down 
on the host to feed and reproduce, that is, to show the settling response (JOHNSON, 
1958). As has been mentioned (op. cit.), this kind of behaviour of remaining on 
host plants but not ‘accepting’ them in the sense of showing some further mani- 
festation of the settling response sometimes also occurs in aphids w hich are kept 
in apparently suitable flight conditions. In the following experiments the aphids 
were either flown for 20 sec or given a knockdown dose of carbon dioxide and 
they were then released on bean seedlings; this was effective in releasing the full 
settling response and the aphids settled down and remained on the plants. 

In alatae of A. pisum, which were kept in a laboratory at an average temperature 
of about 15°C, muscle breakdown was first apparent on the second day after the 
aphids had settled on their host. ‘To find what length of time on the host was 
necessary before muscle breakdown was initiated, batches of aphids were removed 
at intervals after settling and were then kept off the host in petri dishes. It was 
found that aphids removed within about 24 hr nearly all retained intact muscles 
whereas in most of those removed after this time, the muscles went on to break 
down. The results of this experiment are given in Table 1. The aphids in which 


TABLE 1. NUMBERS OF APHIDS WHICH DEVELOPED MUSCLE BREAKDOWN 
WITHIN FOUR DAYS OF REMOVAL FROM HOST 


Time spent on host 
Treatment | 
| 36 hr 


14/15 


Intact 
| 9,10 


Decapitated 


| 


the muscles broke down all had fully distended abdomens when they were removed 
from the host, the others had enlarged but not fully distended abdomens. It is 
possible that the latter aphids had remained ‘sitting’ on the plants for some time 
before settling down to feed and were thus physiologically behind the other aphids 
which apparently settled down to feed straight away and went on to break down 
their muscles in the minimum time. In a further experiment the aphids were 
decapitated at intervals after settling and essentially the same results were obtaine d: 
aphids decapitated before 24-36 hr retained intact muscles, in aphids decapitated 
later the muscles broke down. Although muscle histolysis continued to some 
extent in the decapitated aphids, it did not proceed as rapidly as in intact aphids, 
and in none of the aphids which had been removed from the host plant was fat 
body hypertrophy as conspicuous as in aphids which were kept on host plants 
throughout. 

As the change in metabolism of the aphid is of a general systemic nature 
involving a number of organs, it seemed possible that a common stimulus may have 
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been concerned and that this may have been hormonal. A number of attempts 
were made to investigate this possibility. Implants of various organs such as the 
brain and corpus allatum were made from aphids which had been settled down 
for 2-3 days into young decapitated aphids, but no positive results were obtained 
and the mortality rate was high enough to discourage further attempts along these 
lines. 

Another approach was made by transfusing young decapitated aphids with the 
blood of aphids in which the muscles were beginning to degenerate. ‘This was 
achieved by means of parabiosis. Young adult aphids were decapitated and joined 
in parabiosis to young intact alatae and apterae which had been settled down on 
host plants for 2-3 days. ‘The neck of the decapitated insect was inserted in a small 
hole cut in the dorsal surface of the abdomen of the intact aphid: the decapitated 
aphid was then carried about on the back of the intact aphid and its legs were 
stuck together with wax in order not to interfere with its ‘host’s’ movements. 
A number of aphids from which the head and prothorax were removed were 
treated in the same way. After the operation the aphids were kept on host plants 
and the intact aphids invariably settled down to feed and reproduce. The genital 
aperture of the decapitated aphids was occluded with a drop of wax, as it has been 
found that decapitation of aphids releases the larviposition response (JOHNSON, 
unpublished) and it was necessary to prevent them from giving birth to young to 
make it possible to assess whether or not they were showing any embryo develop- 
ment as a result of the treatment. 

After 4-6 days the aphids were dissected or sectioned and the condition of 
their flight muscles and whether or not there had been extensive embryo develop- 
ment were recorded. The results of the experiments are given in Table 2. 


TABLE 2. RESULTS OF PARABIOSIS EXPERIMENTS 


Muscle breakdown | Muscle breakdown | No muscle break- 
‘Treatment and embryo and no embryo | down or embryo 
development development development 
Decapitated and joined l 8 8 
to alatae 


Decapitated and joined 
to apterae 


Head and prothorax ex- 
tirpated and meso- 
thorax joined to 
apterae 


Decapitated aphids 
joined to one another 0 0 10 


Frons removed and 
aphid joined to apterae 


| 
: 
A 
a 
- 
6 32 7 
| 
2 6 0 
| 
2 21 0 
| 
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In most of the decapitated aphids there was clear evidence of muscle breakdown 
but only in a few was there extensive muscle breakdown and embryo development. 
In the aphids in which there was embryo development, muscle breakdown was 
comparable in extent to that in intact aphids but it differed in its histological 
details. Instead of the fibrils always breaking down and disappearing entirely, the 
degenerative products of the muscles remained inside the sarcolemma, persisting 
as basophilic material containing vacuoles, nuclei and sometimes fragments of 
bundles of fibrils. In the aphids in which there was no embryo development 
muscle breakdown was more irregular in that frequently only a few muscle bundles, 
most often the dorsoventral muscles II, broke down, the rest remaining quite 
intact. 

It was shown above that muscle breakdown did not proceed in decapitated 
aphids unless it had been initiated before decapitation. Yet the muscles did break 
down when decapitated aphids were transfused with the blood of intact aphids. 
As muscle breakdown induced in this way was frequently incomplete it was possible 
that its occurrence may have been due to an incompatibility between the blood of 
the two insects. To test this, decapitated insects were joined to one another by 
their severed necks. Of five pairs which survived for six days none showed any 
degree of muscle breakdown. 

It seems therefore that some factor present in the blood of the aphids 
which had settled down to feed transfused from the intact to the decapitated 
aphids and caused their muscles to break down. The fact that only in a few 
cases was there extensive embryo development and complete muscle breakdown 
could have been due to there generally being an inadequate flow of blood 
between the two insects for these processes in the decapitated aphids to be fully 
controlled. 

In an attempt to find whether breakdown of the muscles depended in any 
way on embryo development or whether these processes were independent of one 
another a number of aphids were castrated by removing as much as possible of 
their ovaries. ‘This operation is rather drastic in these insects as the ovaries fill 
most of the abdominal cavity and it was impossible to remove them without 
removing part of the alimentary canal as well. Five aphids which were operated 
on survived for four days and by this time their flight muscles were breaking down 
and the fat body was showing hypertrophy. Each of them however contained 
some remains of the ovaries although these were very small and it is unlikely 
that they would have been significant in affecting the flight muscles or fat 
body. 

It is thought that the corpus allatum hormone in insects is concerned in protein 
metabolism (WIGGLEsworTH, 1954). As the various processes which take place 
at this time in aphids involve protein metabolism it was suspected that the corpus 
allatum hormone may be involved here. The corpus allatum in aphids is a large 
conspicuous body and it was examined in dissections and serial sections of ten 
aphids before and ten aphids five days after settling on host plants. No conspicuous 
changes in its size or appearance were observed. 
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MUSCLE BREAKDOWN 
IN RESPONSE TO ABNORMAL AFFERENT STIMULI 

A number of aphids were joined in parabiosis to intact aphids after removing 
only the frons rather than the whole head and it was invariably found that in all 
of them the flight muscles broke down regularly and rapidly, but again only in a 
few was there any apparent embryo development (‘Table 2). Because muscle break- 
down in these insects was so uniform, and as they still retained their own brain, it 
seemed probable that the stimulus responsible for its initiation may have been 
originating within the insect itself. In an attempt to determine whether or not a 
wound hormone was implicated, aphids were injured in various ways and then 
kept in darkness in petri dishes for four to five days. Some injuries resulted in 
flight muscle breakdown: among them were severing the abdomen and then grafting 
it on again, and cutting off all or most of the legs and antennae: cutting off only a 
few legs had no effect. 

In one experiment the filter paper in the petri dish in which the aphids were 
kept was too wet and the wings of some of the aphids became stuck to it by surface 
tension. All of these aphids were found to have degenerating flight muscles. ‘Thus 
it appeared that the effect may not be a consequence of physical injury sustained 
by the aphids, but rather a response to the effect of the injury in interfering with 
their normal behaviour. Further evidence in support of this was obtained by tying 
aphids down on pieces of cork with pins and nylon thread, or on filter paper by 
sticking their tarsi down with wax or glue. Within four days all the aphids treated 
in this way showed muscle breakdown and hypertrophy of the fat body although 
there was no apparent embryo development. ‘The filter paper to which the aphids 
were stuck was kept moist, and the aphids inserted their stylets in it and imbibed 
some water as indicated by the fact that their rectum became distended and when 
neutral red was put in the water their midgut became strongly stained. This 
feeding, however, was not essential for the initiation of muscle breakdown as the 
muscles also broke down in aphids kept on dry filter paper and cork but in a humid 
atmosphere to prevent them from desiccating. Most of the fully developed 
embryos they contained were deposited by the aphids when they were tied down. 
If they were unable to imbibe water their abdomen then became contracted. 

In these experiments the aphids sustained no apparent physical injury and they 
remained healthy. Some of them were released after they had been tied down for 
five days and put on host plants and they settled down to feed and reproduce 
just as normal aphids. 


DISCUSSION 
Breakdown of the flight muscles is one of a number of changes which take 
place in alate aphids after they settle down on a host plant. Attention has been 
directed mainly on flight muscle breakdown because it is the most conspicuous 
of these changes and the condition of the flight muscles can be used as an indicator 
of whether or not the general change in metabolism of the aphid has been initiated. 
The other principal processes coincident with muscle histolysis are hypertrophy of 
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the fat body and renewed embryo development. As a result of this change in 
metabolism the alate aphid is converted from a migratory insect specially adapted 
for dispersal in possessing wings and powerful flight muscles to a sedentary insect 
with more the characteristics of apterae in that its energies become diverted 
wholly towards reproduction. 

The fact that the changes that take place involve a number of organs suggests 
that the various processes may either be controlled by a common humoral factor, 
or they may be causally related. ‘The evidence presented above suggests that they 
are hormonally controlled although whether or not the same factor is implicated 
in all the changes is not known. The fact that removal of the ovaries did not 
interfere with muscle breakdown suggests that muscle breakdown occurs indepen- 
dently of embryo development. It is not possible to say to what extent, if at all, 
embryo development in aphids is hormonally controlled. As aphids normally 
spend their whole time with their stylets inserted in a host plant and for most of 
the time are actively imbibing plant juices, it might be expected that the nutrient 
supply obtained from continuous feeding is a necessary prerequisite to extensive 
embryo development. When aphids were tied down on wet filter paper they 
inserted their stylets in the paper and imbibed water, and at this time they 
contained copious stores of glycogen and fat, and from the breakdown of the 
flight muscles they had abundant nitrogen; but there was no extensive embryo 
development under these conditions. This could be because either a hormone 
was being withheld or the developing embryos require some specific nutrients that 
are only present in adequate amounts when the aphids are imbibing plant sap. 
As aphids which are tied down do apparently secrete a hormone which initiates 
flight muscle histolysis and fat body hypertrophy, it seems unlikely that extensive 
embryo development was prevented by the lack of another hormone which was 
not secreted but rather that the cause of the failure of the embryos to develop 
under these conditions was lack of adequate specific nutrients. Parabiosis ex- 
periments can throw no light on this question, as where there is a flow of blood 
between two insects this can equally well carry nutrients as hormones from one 
insect to the other. 

In a number of insects it has been shown that during development certain 
muscles break down while others remain intact. In experiments carried out by 
FINLAYSON (1956) on Saturniids, the abdominal muscles which normally only 
break down in the adult insect after emergence were caused to break down in the 
pupa by cutting their nervous connexions or by removing the ganglia from the 
segment containing the muscles or from the preceding segment. FINLAYSON 
suggested that withdrawal of neural influence from the muscles and hormone 
balance both probably played a part in muscle histolysis. W1IGGLEsworTH (1956), 
on the other hand, found that breakdown of the intersegmental muscles of Rhodnius 
was independent of nerve supply and suggested that it is controlled by hormonal 
means. ‘The above experiments on aphids suggest that the humoral environment 
is important in muscle breakdown, and if the nervous system plays a part in the 
aphids in the way suggested by FINLAyson then decapitation of the aphid is 


4 
q 
\ 
3 

4 
a 
4 
a 
a 
i: 
5 
3 


376 Bruce JOHNSON 


apparently effective in interfering with the neural influence on the flight muscles. 
Why other muscles do not degenerate when the insects are decapitated and supplied 
by parabiosis with the appropriate humoral environment is not known: there may 
well be some intrinsic differences in the muscles themselves. 

In a recent study of the behavioural responses of alate aphids it was suggested 
(JOHNSON, 1958) that their behaviour is dominated by two general, mutually 
exclusive responses: the locomotor response and the settling response. Aphids 
showing the locomotor response are unresponsive to their host plants and make 
persistent attempts to engage in locomotory activity; the settling response includes 
alighting, wandering and probing, feeding and reproducing, and the initiation of 
flight muscle histolysis, this being the fullest degree of the settling response with 
the irrevocable reversion of the aphid from one with a locomotory potential to one 
which is inevitably more sedentary and vegetative in the sense of KENNEDY (1956). 
It was found that a weak settling response consisting of wandering and probing 
behaviour could be brought about by artificially terminating the flight of aphids 
after they had flown for a minimum of about 20 sec. It is interesting that in the 
present experiments a further manifestation of the settling response, the initiation 
of muscle breakdown, was also brought about by artificial methods which bore 
some resemblance to those which were effective at the lower level. In both cases 
the locomotory activity of the insects was interfered with: in the first case only 
momentarily, in the second case a more prolonged restraint on their locomotion 
was applied and this had a much more profound effect on the aphid although 
in the same direction, of causing them to show manifestations of the settling 
response, in this case larviposition and breakdown of the flight muscles. 

Another instance in which interference with the locomotor apparatus of an 
insect has apparently led to secretion of a hormone was reported by Norris (1954), 
who found that individuals of Schistocerca from which legs had been amputated 
became sexually mature before intact individuals. Norris suggested that this 
effect may be accounted for in terms of a wound hormone being produced, but 
the fact that injuries were equally effective when they were inflicted before the 
adult stage was reached suggests that it might well have been due to the deformity 
caused by the injury, and that this was acting in the same way as interfering with 
the locomotory activity of aphids. 

STILes (1938, 1939) used the amount of flight muscle present in the thorax of 
intermediate aphids as a factor, along with wing length and other characters in an 
analysis which he claimed lent support to the ‘time of determination’ theory of 
form determination. Had he taken all newly moulted adult aphids before muscle 
breakdown had been initiated he may have been able to use muscle amount as a 
factor in his studies, but he did not do this as is indicated by his illustrations of 
the thoraxes of two aphids showing the extremes of the amounts of flight muscle 
present: one aphid has intact muscles, the other has none. In the aphid with 
intact muscles, the alimentary canal and fat body are characteristic of aphids which 
have not yet settled down on a host or have only recently done so; in the aphid 
with no muscles the midgut is distended and the fat body cells are hypertrophied, 
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indicating that this was an aphid which had been settled for some time. St1es’ 
conclusions were thus based on the false assumption that the wing muscle condition 
of the insects he studied was solely a manifestation of their intermediacy, but as in 
fact he was studying adult aphids of different ages and therefore showing different 
degrees of postmetamorphic flight muscle degeneration, as well perhaps as differen- 
ces in extent of development of the flight muscles, they must now be regarded 
as untenable. 
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Abstract—The second thoracic spiracle of the locust Schistocerca gregaria is closed 
by the action of a small muscle which receives two motor axons from a branch of 
the median nerve of the mesothoracic ganglion. There are two groups of muscle fibres, 
an outer layer composed of thicker, uniform fibres, and an inner core of thin, irregu- 
larly shaped ones. Each of the motor axons gives an electrical response in each of the 
muscle fibres, both of which are in the nature of end-plate potentials, although one 
is always larger than the other. The larger response is attributed to a ‘fast’ axon and 
leads to a brisk twitch. The smaller response is attributed to a ‘slow’ axon but also leads 
to a twitch, though only 4 the magnitude of the other. In the intact animal the move- 
ments of the spiracular valves are regulated principally by the discharge of the fast 
axon. This terminates abruptly at intervals, permitting the muscle to relax, when the 
elastic forces in the hinges of the valves cause them to open. The durations of opening 
and closing are determined by nervous influences arising mainly in the abdomen. 
There is no evidence for a peripherally located sensory-motor nervous system affecting 
the functioning of the spiracular closing muscle. 


INTRODUCTION 

WHEN the respiratory gas exchange of insects was measured by continuous record- 
ing over long periods of time (PUNT, 1950), it was found that in pupae and hiber- 
nating insects carbon dioxide was not released continuously, but periodically, at 
very long intervals. Subsequent research has demonstrated that the controlling 
elements are the spiracular valves (SCHNEIDERMAN, 1956). ‘These stay closed, 
or very nearly closed, in the intervals between carbon dioxide release, during 
which carbon dioxide accumulates in the tracheae and haemolymph. When the 
valves open, the carbon dioxide is quickly lost and the cycle is resumed. An 
outline theory of the chemical mechanisms involved has been proposed by Buck 
(1958). 

‘These events in the carbon dioxide release mechanism have focused attention 


on the physiology of the muscles which control the closing of the spiracular 


valves. ‘They must be virtually indefatigable and controlled by possibly a unique 
mechanism. Case (1957) has shown that the closer muscles of the spiracles of 
Periplaneta americana and Blaberus craniifer are innervated by two efferent axons 
which originate in the median (unpaired) nerves of the same segment as that on 
which the spiracle is situated. When impulses pass down these two axons the 
muscles contract. Following section of the nerves the muscles were found to 
retain their capacity for responding to directly applied electric stimulation, for 
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three months. After denervation for several days, spontaneous muscular contrac- 
tions, in which groups of muscle fibres contracted in synchrony, set in. They 
were referred to as fasciculations. Several problems as to the nature of events in 
the normal control mechanism of the spiracles are raised by these observations. 

Interest in the problem was heightened by the findings of Becket and 
SCHNEIDERMAN (1957) on an isolated spiracle-closer muscle preparation from the 
pupa of the moth Hyalophora cecropia. In this, the closer muscle remains con- 
tracted, showing a continuous stream of action potentials at a rate of 12-15 sec, 
keeping the spiracular valves closed continually. Bubbling carbon dioxide into 
the bathing fluid, however, caused the muscle to relax and the valves to open. 
The mechanism of action of the gas was not investigated. 

The present work was undertaken in order to obtain a preparation in which 
the details of normal neuromuscular transmission in a spiracular closing muscle 
could be investigated. A suitable preparation was obtained using the second 
thoracic spiracle of the locust Schistocerca gregaria. ‘The preparation has also 
been used to study the mode of action of carbon dioxide, and these results will be 
presented in a subsequent paper. 


THE SPIRACULAR APPARATUS 

Preparations can be obtained from either the second thoracic or the first 
abdominal spiracle. The latter is supplied by two muscles, the former by only 
one, a closer. ‘The second thoracic spiracle provides extremely suitable material for 
the various manipulations required, and the following account refers to it exclu- 
sively. An account of the anatomy of the spiracular apparatus will be briefly 
reported here for convenience. Additional information has been obtained by 
MILLER (1959) in independent studies. 

The valves consist of two semi-circular cups, the posterior one having an 
extended lip which overlaps the anterior one. Each is attached to a thin strip 
of heavily-sclerotized cuticle on its outer margin, which forms a stiff hinge. The 
posterior one is shaped in an acute V, permitting a greater degree of movement 


than the flatter and thicker anterior one. The inner cuticular layers are non- 


sclerotized. ‘They are particularly thick at the base of the spiracle, forming a pad 


which resists the compression imposed by the closing of the valves. 

A tubular invagination originating in the mid-line, at the extreme ventral tips 
of the valves, passes through this pad. It enlarges as it continues, still hollow in 
section, to form the apodeme of the closer muscle (Fig. 1). 

The first muscle fibres to be inserted on the apodeme enlarge to 30-65 yp, 


continuing as an outer ring of some 20 fibres (Fig. 2). The core of the muscle, 


consisting of fibres inserted farther along the narrowing apodeme, is composed 


of about 45-50 much smaller fibres, rather irregular in shape. In between these 


central fibres there are many tracheae. Although the general appearance of a 
transverse section through the muscle under low power gives the impression of 
there being a division of the muscle into two parts, the detailed histology of the 
small and large fibres is not dissimilar. Both are composed of similarly-staining, 
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very fine fibrils. In longitudinal sections, however, a difference is apparent. 
The sarcomere thickness (inter Z-membrane distance) is greater in the inner 
fibres, being of the order of 6-7 uw, reaching 9 « maximum, in the unstretched 
muscle, compared with only 3-6 yu for the outer fibres. The average thickness of 
the inner fibres is in the region of 10-15 yp. 

In the physiological experiments to be described no obvious distinction was 
encountered between inner and outer fibres. It may be that the inner fibres 
remain undeveloped through there being too many of them to fit into the small 
volume of space available. An insect ordinary skeletal muscle of comparable 
diameter would have only a few, large, muscle fibres in the core, of similar diameter 
to the outer ones. The difference in the sarcomere length of the fibres of the 
spiracular closing muscle should lead to appreciable differences in the speeds of 
contraction in the two parts of the muscle, since fibres with close spacing of the 
Z-membranes can be expected to contract much more quickly than those with a 
wide separation, other factors being equal. It may be that the outer fibres are 
principally responsible for the rapid closure of the valves. The inner fibres may 
be more suited to maintaining prolonged contraction without fatigue. There 
would thus be very roughly a division into phasic and tonic parts in the same 
muscle. If this could be substantiated, the interest of the spiracular muscle would 
be further increased. 


METHODS 

The whole spiracular apparatus, valves, closer muscle, and a few millimetres 
of nerve can be completely isolated. But so small a preparation is not easy to 
handle and the muscle deteriorates rapidly. This may be due to the damage done 
to the tracheal supply, which appears to be the only route by which free respiratory 
exchange can take place, tracheolated membranes acting as a barrier to direct gas 
exchange across the outer surfaces. By leaving the spiracle in situ it is possible to 
obtain a very similar preparation, with the tracheal supply intact. 

The head, prothoracic segment, and pronotum are first removed. The abdomen 
is then severed from the remains of the thorax, except in experiments in which 
the influence of the abdomen on the ‘spontaneous’ rhythm of the spiracular 
system is to be investigated. ‘The portion of gut in the thorax is then pulled out 
and the roof of the thorax, the wings, and the wing-muscles are severed by cutting 
along the thoracic walls at a level just above the second pair of spiracles. At this 
stage the ‘preparation’ is partly embedded, ventral surface down, in a support 
shaped from modelling clay, using the legs as stays. The nerves supplying the 
legs are cut so that no contraction of the leg muscles will occur to cause the thorax 
to move. A small cavity is left in the clay in the region of the spiracle to be investi- 
gated. The whole is mounted on a mechanical stage. 

Attention is now turned to the mesothoracic ganglion, which is exposed from 
the dorsal surface. It is from this surface that the unpaired, median nerve which 
contains the motor axons of the closer muscles of the second thoracic spiracles is 
located. The nerve issues between a pair of ventral longitudinal muscles attached 


= 
1 
a 
a 
& 
| 


Fic. 1. Structure of the spiracle. (a) T.S. whole spiracle just below the mid-line. The 
lip on the left-hand side of the photomicrograph is the more mobile posterior one Note the 
V-shaped region of thin sclerotized cuticle which forms its hinge ; unde rlving non-sclerotized 
cuticle. (b) T.S. below extreme base of lips of second spiracle. The tubular structure is the 
apodeme of the closer muscle. The origins of a few of the muscle fibres of the outer ring 
can be seen vertically 
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Fic. 2. Histology of the closer muscle. (a) T.S. spiracular closing muscle showing outer 
layer of large muscle fibres and inner layer of small, irregularly-shaped ones. (b) Section 
through the closer muscle in the region of its ventral insertion. The central, darkly-stained 
mass is composed of the attachments of the small muscle fibres. (c) Section through the 
motor nerve at its point of entry into the muscle. Note the two axons, ‘slow’ and ‘fast’. 
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to spines which project between the nervous connectives running from the second 
to the first and third thoracic ganglia (Fig. 3). It is rather difficult to locate the 
median nerve, since it divides into the two spiracular nerves after emerging from 
between the muscles and these nerves then immediately pass into a diaphragm 
where they are almost invisible. However, by pulling apart the two muscles the 
median nerve can usually be located and crushed or severed close to the ganglion. 
Having located the spiracular nerves, one of them is freed for a distance of about 
2 mm, and paired, hooked, silver electrodes are placed on it. 


TERIOR OSTERIOR 


Fic. 3. Dorsal view of mesothoracic ganglion showing the position of emergence of the 
median (unpaired) nerve, its division into the left and right spiracular nerves, and the position 
in which the stimulating electrodes were placed. 


One side of the animal is now illuminated, showing the spiracular valves. 
The posterior lip overhangs the anterior one (Fig. 4a). An incision is now made 
in the cuticle above the spiracle and continued along the broken line indicated in 
Fig. 4(b). This frees a rectangular flap of cuticle in which lies the spiracle and the 
spiracular closing muscle. The latter is attached ventrally to an intucked peg of 
cuticle and dorsally to the short apodeme which extends into the bases of the two 
valves. By gently pulling the flap outwards, the inside of the spiracle and the 
closer muscle are exposed. The tracheal trunk is severed at its junction with the 
spiracular lips and very carefully lifted back into its natural position. In this way 
it can be kept open and air, oxygen or gas mixtures delivered into it by a finely- 
drawn pipette. 

The tracheal trunk gives off a small branch to a tiny air-sac anteriorly. This 
air-sac in turn supplies the closer muscle. In a good preparation the sac can be 
visibly inflated or deflated from the inserted pipette. 

The outer (dorsal) edge of the flap is now embedded in the clay, and the small 
chamber surrounding the muscle filled with locust saline (HoyLE, 1953 variety). 
The saline is brought into contact through a channel with a large volume of 
similar saline in the dish containing the preparation. 
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To effect mechanical registration of the movements of the spiracle, a gramo- 
phone crystal pick- up ¢ cartridge was used. A special needle was constructed from 
an entomological pin by tapering it to a fine, sharp point and bending it into a 
‘trailer’ shape. ‘The cartridge was mounted on a heavy, adjustable stand and 
lowered until the tip of the needle just pierced, as far as could be judged, the 


Single or double-barrelied 


micro-electrode 


pette for gases 


-borrelied 


SEX 


Position of 


—" closer musc 


Fic. 4. The preparation. (a) The left metathoracic (second) spiracle viewed externally 
in the closed position (left) and the open position (right), the latter showing the position of 
the closer muscle (broken line). (b) The line of cutting round the spiracle, indicated by a 
broken line. The piece of cuticle containing the spiracle is bent outwards along the dotted 
line. (c) The completed preparation, external part. 


apodeme. The tubular apodeme is strong enough to stand up to prolonged, 
vigorous contraction of the muscle with the needle inserted. A tension equal to 
that of the twitch of the closer muscle (about 0-1 g) moves the tip of the needle 
through only a few microns, so the recording situation is almost ideally isometric. 
‘The magnitude of the potentials developed in the crystal depends on the force and 
speed of the contraction. 

With the arrangements described above completed, the final manipulation is 
accomplished. ‘This consists of manceuvring a 3 M-KCl-filled glass capillary 
microelectrode, single or double barrelled, into position, ready to be inserted 
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into single muscle fibres of the closer muscle. The muscle was illuminated by an 
intense direct beam of light. The experiments were all done at room temperature 
(19-20°C, thermostatically-controlled room). 

The tracheal supply of the muscle is extremely rich, the density of tracheoles 
being greater than in any other insect muscle which I have encountered. This 
makes for difficulty in inserting the electrode randomly, since it frequently encoun- 
ters an ‘infinite resistance’ during penetration, presumably as the result of 
entering a tracheal tube. The electrical potentials were displayed simultaneously 
on a cathode ray oscilloscope, using direct-coupled amplification, and on a pen 
recorder, using also direct-coupling, or sometimes a condenser-coupled amplifier 
with a time-constant of 1 sec. 


RESULTS 

The muscle is innervated only from the median nerve, which supplies it with 
two axons, one 7 » and the other 6 « in diameter across the major axis, measured 
at the point of entry into the muscle. Both axons discharge impulses rather 
irregularly and the two streams are never synchronous. Sometimes it is possible 
to discern the individual responses due to the motor axons by recording from 
single muscle fibres when the rate of discharge is low (cf. Figs. 7a, b). Responses 
to each axon were observed in all the muscle fibres penetrated. 

It is sometimes impossible to obtain controlled stimulation of the two axons 
separately since they have similar thresholds and only slightly different conduction 
velocities, but one axon, probably the larger one, usually has a slightly lower 
threshold and faster conduction velocity than the other. But the second axon can 
only with difficulty be stimulated alone, using tricks such as varying pulse length 
with the anode distal, to block the faster-travelling impulse (technique of KUFFLER 
and VAUGHAN WILLIAMS, 1953). The ordinary skeletal muscles of the legs of 
locusts are also supplied by two motor axons (HoyLE, 1955). The axons differ 
functionally, one is a ‘fast’ axon causing a quick, powerful contraction of the 
muscle when stimulated with a single shock, the other is a ‘slow’ axon which 
gives much weaker mechanical responses, requiring repetitive excitation of the 
nerve for their elicitation, and involving extensive facilitation and summation. 

In the present case, the two axons each give rise to a small twitch when stimu- 
lated with a single shock. ‘The isometric tensions developed in the two responses 
do not differ appreciably in their time-courses, as far as can be told from the 
records obtained using the crystal type of transducer. We may provisionally 
regard the smaller response as being similar to the other, differing principally in 
the magnitude of the isometric force. The similar character of the two responses 
leads to uncertainty in designating the two motor axons. In ordinary insect 
skeletal muscles both would be considered ‘fast’ axons. The response of the 
extensor tibiae muscle of the locust to the slow axon, although many hundreds of 
times weaker than to the fast, nevertheless has the character of a small twitch, 
although it is extremely weak. The differences in response of the spiracular closer 
compared with the jumping muscle may be differences of degree, rather than of 
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kind, depending principally on the extent to which the axon giving the weaker 
contraction innervates the muscle fibres. For convenience the same notation will 
be adopted, the axon giving the larger contraction being termed the fast axon and 
the other the slow. 


Electrical potentials 


The resting potentials encountered have been rather variable, from 40 mV to 
about 70 mV, averaging just under 60 mV in a good preparation. This value is 
comparable to that obtained in ordinary skeletal muscle of locusts bathed in the 
same saline medium (Hoy te, 1955). There was no obvious difference between 
the small fibres of the core and the large ones of the outer region, although no 
systematic investigations have so far been made on the two kinds. Most observa- 
tions were confined to the visualizable outer fibres. 

The electrical excitability of the membranes has been investigated in pre- 
liminary experiments in the usual manner, with double-barrelled electrodes, one 
being used for recording and the other for passing current across the membrane. 
Rectangular pulses were applied using radio-frequency coupling units to isolate 
them. Anodal currents result in increased potential, there being a linear relation- 
ship between current and voltage up to membrane potentials of about 100 mV, 
after which there is a departure, indicating increasing membrane resistance. 
With cathodal currents there is a small decrease in the resistance of the membrane. 
In many fibres depolarization did not result in any significant departure from a 
time-course determined by the electrical properties of the membrane. Since it is 
unlikely that all such fibres are either damaged or exhausted, this must be their 
normal condition. One way of interpreting the observations is to suppose that the 
muscle fibres have few, or very small, patches of electrically excitable membrane 
(cf. Cerr et al., 1959). Other fibres developed a minute, heavily damped oscillation 
(Fig. 5), but the magnitude of these electrically excitable responses did not exceed 
10-12 mV. These more electrically excitable fibres were encountered in the core, 
more often than in the outer layer. They are, however, very feebly responsive, 
even when compared with ordinary skeletal muscles of insects, where the electro- 
genic action (GRUNDFEST, 1957) is too feeble, even when maximal, to be regenera- 
tive and propagated. ‘he muscle resembles the electroplax of Raia clavata in 
being essentially electrically inexcitable (GRUNDFEsT, 1957). 


Neuromuscular transmission 


The fast axon—The electrically inexcitable nature of the muscle membrane 
is reflected in normal transmission. The responses to stimulation of the fast axon 
are, in most muscle fibres, only end-plate potentials (e.p.p’s.). These vary in 
magnitude from 10-60 mV (Fig. 6). ‘The larger ones may almost reach the zero 
level, and include a small component due to an abortive spike corresponding to 
the small electrically excitable response obtained with cathodal currents. This 
component may, in turn, lead to a small overshoot. These large e.p.p’s. do not 
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facilitate, nor do they summate, and they may decline in magnitude during repeti- 
tion. The smaller potentials summate in varying degrees and some of them show 
a small extent (up to x 2) of facilitation. All the responses tend to fluctuate in 
height during repetition. In fibres capable of giving electrically excitable responses, 
the summated, and/or facilitated e.p.p’s. may give rise to a tiny spike response 
(Fig. 8). 

The height of the e.p.p. may be made to increase by raising the membrane 
potential, showing that as in other systems the e.p.p. is due to the development of 
a short-circuit across the membrane potential in the end-plate regions. A chemical 
transmitter is implicated, leading to a membrane reaction. The magnitude of 
this reaction differs from junction to junction (or fibre to fibre ?), possibly as a 
result of different extents of release of the transmitter substance. Gradatjons of 
this kind show up very clearly in the fibres of this muscle, with their lack of 
secondary, active-membrane responses. 

The slow axon—Responses to the slow axon are present, like those of the fast, 
probably in all the muscle fibres. If we compare this muscle with others in the 
locust which have been investigated (HoyLE, 1957), it becomes apparent that in 
doubly-innervated muscles the degree of double innervation (as indicated by the 
electrical responses) varies according to functional needs. The extremes are: 
every fibre innervated by two axons on the one hand, and each fibre innervated by 
only one axon on the other. In the tiny muscle of the spiracle, the slow axon 
excites all the muscle fibres. In the large, powerful jumping muscle only 30 per 
cent, and in the ordinary leg muscle about 50 per cent of the muscle fibres are 
doubly innervated, although in these muscles each fibre receives endings from the 
fast axon. 

The slow potentials in the closer muscle fibres are always smaller than the 
corresponding fast ones, being from 40-80 per cent with the majority being about 
% the height of the fast potentials in the same fibres. The times for decay to half 
are the same as those for the corresponding fast axon responses when the latter 
are only e.p.p’s. Thus a small fast response closely resembles a large slow one 
(Fig. 7). The slow response could be due to the release of a transmitter substance 
identical with that of the fast transmitter, but released in smaller quantity. ‘The 
neuromuscular junctions are just at the limit of resolution with the light micro- 
scope, so accurate work on them will require the use of the electron microscope. 
But it appears probable, from my investigations with the light microscope, that 
the final terminations consist of branches of the slow and fast axons lying side by 
side, sharing grooves in the surfaces of the muscle fibres. It is not, therefore, 
necessary to postulate differently reactive patches of postsynaptic membrane to 
explain differences in transmission by the slow and fast axons. 

In studies of the homologous muscle in the cockroach Case (1957) found that 
it could be excited to contract by electrical stimulation applied to the muscle 
directly, for up to three months following section of the nerve. In all examples of 
responses of insect muscle to so-called direct stimulation which have been analysed 
carefully it has transpired that the excitation is in fact indirect, via the fast axon. 
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Whether or not the nerve in the muscle actually degenerates following excision 
needs to be determined before it is possible to conclude that the cockroach muscle 
is electrically excitable. 


Tension 


The present recording method permits a degree of shortening which is small 
compared with the amount which the muscle shortens during closure of the 
valves. It can be used to give an approximate value for the isometric tension. 
Over a range of pen deflexion up to the extent where pen distortion starts there 
is a linear relationship between the tension and the peak deflexion. The amplifica- 
tion was adjusted to utilize this range in the experiments. 

Values obtained for the tension developed in a twitch produced by stimulating 
the fast axon range from 0-05 to 0-14g. On stimulating the slow axon the twitch 
tensions ranged from 0-02 to 0-05 g and were usually about one third of those 
obtained on stimulating the fast axon (Fig. 9a). ‘This is in contrast to the relative 
magnitudes of the electrical effects, where the end-plate potential on stimulating 
the slow axon is usually about 3 of that following stimulating of the fast axon. 


It was found that when the stimulus pattern was changed from single shocks 
to pairs, with the two shocks closely-spaced, the resulting twitch tension was 
much greater. This was the case even when the shocks were spaced so close together 


(3-4 msec) that there was very little electrical summation. Furthermore, the 
enhanced mechanical response continued to increase in height during continued 
stimulation by pairs of shocks for as long as 20-30 sec, reaching 2-2} times the 
twitch height to a single shock (Fig. 9b). These phenomena are probably to be 
interpreted in terms of the short duration of the active state in the muscle, and 


the taking up of internal ‘slack’ or series compliance (HILL, 1951). 
The tetanus fusion frequency for the fast axon response is about 60/sec. It 
has not been possible to determine that for the slow. 


Normal control mechanism 


The control mechanism of the spiracle in the nearly intact animal has been 
investigated by making a similar preparation of the spiracular muscle but leaving 
the spiracular nerve intact and connected to the ganglion and also leaving the leg 
nerves unsevered. The head, abdomen, pro-, and metathoracic ganglia were then 
removed one by one, reflex responses being tested at each stage, and the spontane- 
ous activity carefully investigated. The reflex responses of the spiracle to stimula- 
tion of various parts of the body are either opening or closing, i.e. the tension in the 
muscle may fall, partly or to zero, or it may rise. In these investigations only two 
stimuli have been found which cause reduction or arrest of discharge, i.e. opening 
of the spiracle; they are the gas carbon dioxide applied to the open spiracle, 
and tactile stimuli applied to the abdomen when these are strong enough to 
cause extensive abdominal contraction. The second response can be delayed by 
slowing down the contraction forcibly, with forceps. It appears to be caused by 
the excitation of proprioceptors in the abdomen at a position of extensive 
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Fic. 5. Electrical responses of the muscle membrane to direct electrical stimulation 
(a, b, c, d) Depolarizing pulses applied to 4 different muscle fibres. There is a small active 
response in (c), a very small one im (a) and hardly any at all in (b). In (a) there is a larger, 
abortive spike, followed by a heavily-damped oscillation. (e) Polarizing pulses applied during 
the elicitation of a response to the fast axon, which was a small e.p.p. The potential is 


enhanced following the raising of the membrane potential 


—_— 


Fic. 6. Four fast responses recorded from different muscle fibres of the same muscle 
(19-20°C). The upper horizontal trace of each pair indicates zero membrane potential 


The lower trace is the intracellular potential. 
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Fic. 7. Electrical responses to slow and fast axons (19-20 C). (a) and (b) Potentials occur- 


ring ‘spontaneously’ with the connexion to the ganglia intact. The larger potentials are 


fast responses, the smaller ones slow responses. The fast response was a large one and 
there is no summation of succeeding responses. (c) Two pairs of slow and fast responses 
obtained by separate electrical stimulation of the axons, each in the same muscle fibres. 
Those of the response shown on the right were separated for clarity. The larger (upper) 
response is the fast one in each case. 


(a) (b) 
Fic. 8. Paired fast electrical responses. (a) The single response was a small one hence 
there is both facilitation and summation of the second response. (b) The same as (a) but with 
closer spacing. Note the inflexion in the rising phase and the abortive spike. 
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‘Slow oxon twitches 


O-lgm ‘Fast’ axon twitches 
sec 


Fig. 9 (a) 
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Fig. 9 (b) 


Fic. 9. Mechanical responses recorded from the apodeme of the closing muscle (19-20 C). 
(a) Fast and slow twitch responses to stimulation of the two axons innervating the closing 
muscle. The first seven responses are to the fast axon alone and the rest to the slow. 
(b) Effect of close-pairing of stimuli on the twitch response. Upper trace—electrical potentials 
from single muscle fibre. Lower trace—tension record of whole muscle. Time in sec. Single 
shocks were applied from start up to the arrow when the pattern of stimulation was changed 
abruptly to close pairs, delivered at the same rate. 
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Fic. 12. Control of the rhythm of the spiracles. The record shown is a continuous one. 
except that the paper drive was stopped at 1 and 2 to allow time for further section of nerves. 
and subsequent settling down of the preparation. The record is of the electrical activity 
of a single muscle fibre of the spiracular closer with nerve connexions to the ganglion intact 
and follows the course of nervous discharge. The periods marked O coincide with opening 
of the spiracle (here it was only partial opening owing to a discharge of the slow axon). At 
the arrows the abdomen was touched. This caused inhibition of the discharge and opening 
of the spiracle. At the point marked 1, the abdomen was severed from the thorax. Note 
that a new, slightly faster rhythm results. The activity of the slow axon has stopped, and 
opening is complete. At 2, the connectives between the meso- and metathoracic ganglia were 
severed. The intrinsic rhythm of the controlling centre in the mesothoracic ganglion itself 
is now established. It was faster than that of either the metathorax or the abdomen in this 
preparation. 
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contraction. ‘The action of carbon dioxide will be dealt with in a subsequent paper. 
All other effective stimuli, such as tactile stimulation of the hairs on the spiracular 
lips, cause the spiracle to close. 

A dominant role in determining the spiracular rhythm is played by the abdomen. 
The spiracle remains closed during contraction of the abdomen in the relatively 
slow expiratory contraction movement. The closing continues during the initial 
phase of inspiration, until the air sacs in the thorax are slightly collapsed. At this 
stage the valves open briefly. During the later stages of inspiration they are 
closed. All this is part of the mechanism whereby air is caused to stream through 
the insect unidirectionally, entering the thoracic spiracles and leaving via the 
abdominal ones. If the movements of the abdomen are restricted or forced to 
slow down, then the spiracle follows the abdomen, continuing to open at the same 
point in the inspiratory extension of the abdomen. Thus the opening seems to be 
initiated by the movement of the abdomen. 

If, during any part of the respiratory cycle, the abdomen is subjected to strong 
tactile stimulation, the valves open, allowing air, which comes under pressure in the 
insect during the resulting contraction of the abdomen, to escape from the thorax. 

Before the ‘preparation’ has settled down, or if it is disturbed, the spiracles 
may remain closed or very nearly closed for long periods, despite continued 
vigorous respiratory movements of the abdomen. Analysis of the discharges 
shows that a closing of the valves may be due to either the fast or the slow axons 
firing alone, or to the two in combination. The frequency of discharge of the 
‘fast’ axon is, however, virtually unaffected by tactile stimulation of the outside of 
the animal. Strong stimulation of the abdomen, which causes its cessation or reduc- 
tion, is the only exception. It is the discharge of the slow axon which is always 
affected by the agencies which cause reflex spiracular closing. Stimulation of the 
hairs in the region of the spiracle, for example, results in a reflex discharge in the 
slow axon only. 

The contraction of the closer muscle settles down to a regular rhythm in the 
intact-nervous-system preparation, with the duration of the open phase, like that 
of the closing, remaining constant for long periods (Fig. 10). Both opening and 
closing are usually abrupt, but if the slow axon continues to be active during the 
‘open’ period, opening may be slower or even fail to occur. The durations of 
the two phases vary greatly from preparation to preparation. Closing may be for 
as short as 2-5 sec or as long as 25 sec. Opening may be as short as 0-3 sec or as 
long as 3 sec. Some examples are given in Table 1. Several different combinations 
of intervals have been observed. It will be seen from Table 1 that there is no 
correlation between the durations of the two phases, long closing sometimes being 
combined with short opening, or vice versa. Nor is this inverse relationship 


(which would be readily explicable on the basis of ‘retention’ or ‘release’ of 
carbon dioxide as the respective modes) constant either, since some short closings 
are associated with short openings, and the converse again applies. Further work 
is required on this point, in the whole animal. It looks as though there may be 
significant patterns into which the spiracular sequence may fall, possibly in relation 
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to immediate metabolic requirements which are in turn related to growth phases, 
e.g. egg production, digestion, etc. Broadly, there are three modes: quick, normal, 
and slow. In the former, ventilation is rapid, the spiracles are closed for only 
short intervals and remain open for relatively long ones. In the latter extreme, 
they are closed for long periods and only open for very brief ones. 


TABLE 1. SOME VALUES FOR THE DURATIONS OF OPENING AND CLOSING OF THE SPIRACLE 
WERE MAINTAINED FOR SEVERAL MINUTES. VARIOUS PREPARATIONS, INTACT, AND WITH 
DIFFERENT EXTENTS OF ISOLATION FROM THE REST OF THE NERVOUS SYSTEM 


Duration of Duration of 

Preparation closing (sec) opening (sec) 
Thorax and 11 1-2 
abdomen 4-6 1:7 
25 1-0 


Thorax only 5 1-5 

9 2-2 

| 10 | 1-8 

| 19 0-5 

| 2-5 1:3 

Mesothoracic 1-5 
only 


SDs 


The detailed pattern of the nervous discharge, even when consisting solely 
of fast impulses, is always very irregular, but even a casual inspection shows that 
it is not a random one, such as would be given by a co-incidence counter operated 
by amplified thermal noise. Instead, a high proportion of close pairs of impulses 
is observed in all records (Fig. 11). As many as 90 per cent of the total number of 
impulses in a 6sec burst may be delivered with an interval of only 4-9 msec, 


compared with an interval of 18 msec if they had been evenly spaced. In Case’s 
published work on the cockroach there are, in one record, eight close pairs (16 
impulses) in a total of 32, i.e. half the impulses were delivered as close pairs, 
although Case did not draw attention to this. Wiersma and Apams (1950) have 
shown that the tension in some crustacean muscles is greatly increased if excitation 


is delivered via the motor nerve in close pairs, compared with the same number 


equally spaced. ‘They remark that spacing might be used by the animal to vary 


tension development, but no evidence has hitherto been forthcoming that close 


pairs occur in the discharges of the appropriate motor nerves in the intact animal. 


‘The present observations constitute evidence that close pairing of impulses is in 


fact utilized by a nervous control mechanism. 

‘The total number of impulses per second may reach 60 or 70 but usually falls 
in the region of 25-30. It occasionally falls to as low as 15/sec. But as with the 
other variables, durations of the discharge and of the silent period, the average 
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frequency tends to remain constant over quite long periods. The upper limits 
of the frequency of natural excitation of the muscle just reach the level of smooth 
tetanus, but the average value is well below the level required for complete fusion, 
ind the oscillations in tension, especially those associated with pairs and triplets 
of impulses, are evident as a series of sharp peaks in the electromechanogram. 

By contrast with the fast axon, the slow axon discharges in irregular, brief 
bursts, without the close spacing. Bursts occur when the preparation wriggles, 
or sometimes without obvious stimulation. Impulses may continue to appear 
right through the silent phase of the discharge of the fast axon, causing either 
continued closing or restricting the opening of the valves. Summation of fast 
and slow electrical responses may be appreciable, even showing complete addition, 
or it may be negligible. The magnitude of the summed electrical response is 
determined by the size of the fast response. If this almost reaches the zero potential 
or slightly overshoots no greater level of depolarization is reached by combining 
it with a slow one or with another fast response. If it is appreciably smaller than 
the resting potential then it sums with the slow. ‘This supports the notion that the 
two axons liberate a common kind of transmitter substance into a shared subsynap- 
tic region. When the reaction there is maximal, i.e. to a large quantity of transmitter 
substance released by the initial fast impulse, no further reaction (to a second fast 
impulse, or to a slow impulse arriving at the same time) can occur. 

Local reflex network—I\n all preparations most of the electrical and all the 
mechanical activity of the spiracular apparatus ceased immediately the spiracular 
nerve was cut. Some miniature electrical potentials were seen, not associated with 
any mechanical activity. ‘They might be due to spontaneous liberation of trans- 
mitter substance in ‘quantal’ units and be analogous to the spontaneous miniature 
e.p.p’s. of vertebrate muscle (Fatt and Katz, 1952). But the present recording 
conditions, with a limited volume of fluid actually surrounding the muscle, permit 
a small pick-up by the intracellular electrode of potentials developed in adjacent 
muscle. 

No evidence has been found that there might be a local nervous system, such 
as was postulated by Becket and SCHNEIDERMAN and others. 

Closing movements—Mechanograms have been taken both from the apodeme, 
in the manner described earlier, and externally, from the valves themselves. The 
movements of the Hyalophora pupal valves were, under certain conditions, 
described as showing a ‘fluttering’ action. ‘This is also characteristic of the 
locust valves when the frequency of discharge of the motor nerve is below that 
required for smooth tetanus. It is the tension peaks caused by the paired or 
triplet excitations, however, which are principally responsible for the fluttering 
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DISCUSSION 


The spiracular closer muscle is evidently unique in many ways, and may be 


profitably developed as a medium through which to investigate both specific insect 
The discussion will be 


muscle problems, and others of a more general nature 
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confined to attempting to understand how the normal control sequence of the 
spiracular muscle may be achieved, in the light of the information available at 
present. 

Following section of the connectives between the abdomen and the metathorax 
there is almost immediately a change in the rhythm of opening and closing. If the 
previous rhythm, determined by the abdominal movements, was a quick one 
(short periods of closing) then it is now slower. If the previous rhythm was a slow 
one then it is now faster (Fig. 12). The new rhythm is determined by the metathor- 
acic ganglion. It is virtually unaffected, except momentarily, by severing the 
connexions with the prothoracic ganglion. But there is a further change in 
rhythm immediately following section of the connectives between the second and 
third ganglia. The rhythm is now determined by the mesothoracic ganglion 
itself. It has been slightly faster than that of the metathoracic ganglion in most 
of the present experiments. ‘Thus there are at least three centres which are capable 
of rhythmic activity, showing a pattern within the range encountered in normal 
respiratory movements. They have a hierarchical connexion in the direction: 
abdomen dominates metathorax dominates mesothorax. 

In his account of the co-ordination of the rhythmical respiratory centres in the 
same species, FRAENKEL (1932) concluded that the activity of the pacemaker which 
happens to be fastest at the time dominates the rest. ‘This opinion has not been 
substantiated by the present findings. The opening rhythm in the preparation 
having its nerve connexions with the abdomen intact has been as slow as one 
opening in 25 sec. But no value in excess of 10 sec has been obtained after isolation 
of the mesothoracic ganglion from other nervous connexions. There is thus no doubt 
that either there is no intrinsic rhythm in the mesothoracic ganglion in the intact 
animal, or else that one is present, but it is suppressed by the more posterior centres. 

If we accept the latter view, we must realize that the situation is unusual, in 
that the rhythm is not dominated by the centre having the fastest rate, as in the 
control of the vertebrate heart for example. ‘The pacemaker in each ganglion 
must be affected by that of the one immediately posterior to it. As long as the latter 
is discharging motor impulses the action of the anterior pacemaker is suspended, 
to follow the posterior one. ‘This does not mean that the anterior ganglia cannot 
affect the posterior ones, speeding them up in response to a thoracic deficiency of 
oxygen, for example. But such an effect would be a direct one on the dominant 
posterior pacemaker, brought about by nerves passing directly backwards, and 
not indirectly, by first acting on the local pacemaker. This would only serve to 
disrupt the co-ordination of spiracular opening and interfere with the movement 
of air through the body. 

The abruptness with which the motor discharge starts and stops suggests that 
the pacemaker may be an inhibitory cell acting on an otherwise continuously 
active motor cell, the periods of maximum inhibition corresponding to cessation 
of the motor discharge and opening of the valves. The inhibitor would in turn be 
inhibited by the discharge of the fast nerve of the more posterior spiracular 
control centre. 
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The rhythm of the mesothoracic ganglion, actuating the fast axon supplying 
the closers of the second pair of spiracles, is not affected either by forcing the 
valves to remain closed during an opening phase, or by forcing them open from the 
closed position. It is thus not dependent on sensory feed-back from the valves 
themselves. All the paired nerves emanating from the ganglion can be cut one by 
one without altering it. The most conspicuous nervous influence on the fast 
motoneurone (F) is thus that coming from the metathoracic ganglion, which is in 
turn affected by the abdomen. The control sequence is illustrated schematically 
by a simple neurone model in Fig. 13. 


Mesothorocic ganglion Metathoracic ganglion 


Cell 
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Fic. 13. Hypothetical scheme for control mechanism of spiracle. (For explanation see 
text.) The two nerve cells, slow and fast, are in reality present. The other cells represent a 


simple model which might account for the patterns of discharge actually found in the fast 
axon. The pattern of their discharges is illustrated schematically at the lower left. 


The role of the slow axon is by no means clear. One advantage of using 
electrical recording from the muscle fibres is that discharges of both axons are 
readily distinguishable, except when the frequency of discharge is very high. 
Recording from the nerve can be misleading unless the action potentials are of 
different heights and can be accurately designated as belonging to the slow or 
fast axons. Sometimes the potentials recorded in the muscle are entirely fast ones, 
and the operations just described can be made without bringing in the slow axon, 
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although mechanical disturbance of the valves (forced opening) tends to cause 5S 
to fire. But the S neurone quite often does discharge during the normal rhythm 
of opening and closing, with silent periods coinciding with opening. The firing 
of the S axon with the normal rhythm could be due to central nervous interplay 
in the rhythmic centre, but it is thought more probable that it is the result of 
reflex excitation caused by the closing movements. 

The durations of opening and closing vary greatly from preparation to prepara- 
tion. ‘They are thus set by metabolic influences within the pacemaker itself. 
Continuous spontaneous nervous activity is evident in isolated nerve cords of 
insects for some days (RoEpER, 1948), but many influences could be partly respon- 
sible for initiating such activity and the evidence does not seem conclusive that 
there are spontaneously active motor cells. But there seems to be a very good case, 
in the present instance, for regarding the activity of the pacemaker as truly intrinsic, 
arising de novo in a manner comparable to that found in some sense organs. 

The intervals between succeeding impulses in the single fast motor nerve cell 
(referred to subsequently as the F cell) are so variable that it seems unlikely that it is 
itself a spontaneously active cell, since most such cells tend to fire with rather 
regular intervals between impulses. We will suppose, instead, that it is little more 
than a relay, transmitting excitatory patterns received from other cells. The only 
regular feature of its discharge is the large proportion of close pairs of impulses, 
and this has to be explained. ‘The timing of opening and closing can be interpreted 
as determined by an inhibitory cell (1) which discharges (in a commonly observed 
pattern) with regularly fluctuating frequency. When the frequency exceeds a 
threshold value, F is inhibited completely, corresponding to opening. ‘The cell (1) 
is in turn driven by the metathoracic ganglion. 

Two more cells are required to complete the picture. One of them (1) is a 
simple, spontaneously discharging cell exciting F. It is hardly affected by external 
influences. It also synapses with a relay-type cell (2) which in turn excites F. 
This inter-neurone can account for the close pairs of impulses. Cell 2 also receives 
excitation from other cells in the ganglion, some of them firing rather randomly. 
These impulses, in so far as they pass through 2, combine with those from 1 to 
excite F and determine the discharge pattern of closure. 

The slow motor nerve cell (S) is shown as not being connected to the circuits 
affecting F. It is involved in various local reflexes and can cause partial or complete 
closure of the spiracle independently of the discharge in the F cell. A branch of 
F is shown going forwards. A branch of this kind from some part of the control 
centre in the mesothorax must be postulated, since the discharge of the comparable 


centre in the prothoracic ganglion appears to be driven by that of the mesothorax, 
just as the latter is in turn driven by the metathorax. In the model (Fig. 13) the 
activity of the final pacemaker, the inhibitory cell (1), must be itself inhibited as 
long as the metathoracic F cell is firing. This might be achieved by interpolating 
an inhibitory internuncial neurone between the metathoracic centre and the 
mesothoracic (1) cell. F becomes active as soon as the inhibitory discharge of (1) 
falls below the threshold frequency. ‘Thus the mesothoracic spiracle cannot open, 


‘ 
a 
a 
= 
hy 


THE NEUROMUSCULAR MECAHNISM OF AN INSECT SPIRACULAR MUSCLE 393 


except under the influence of a high local concentration of carbon dioxide, when 
the other spiracles are closed. (1) becomes active as soon as the more posterior 
spiracle opens. 

When the pacemaker cell (1) is freed from the inhibitory influence of the abdomen 
and metathorax it discharges spontaneously, with a regularly-fluctuating rise and 
fall of frequency, an oscillation which may depend on negative feed-back within 
the ganglionic neurone chains. ‘Thus the cell F is caused to be inhibited at regular 
intervals and the mesothoracic ganglion assumes an autonomous rhythm of control 
of the opening and closing movements of its own spiracles. ‘The presence of 
the potentially autonomous control centre in the mesothorax may be a relic of the 
time when a simple condition of independently acting segments prevailed in the 
class. The retention of the controlling network may be fortuitous, but it does 
confer a measure of independence still, particularly in regard to closing, which is 
regulated by local as well as by total requirements. ‘The spiracle also reacts in a 
truly local manner to the presence of a high concentration of carbon dioxide, as 
will be shown in a subsequent paper (HoyLe, 1960). Indeed, the action of the gas 
completely over-rides the influence of both the slow and fast excitatory axons, 
so that the spiracle cannot remain closed in the face of a high carbon dioxide 
concentration, no matter how great the motor excitation. 


SUMMARY 
(1) The anatomy and innervation of the closing muscle of the second spiracle 
of the locust, Schistocerca gregaria, are briefly described. From the muscle and 
its associated spiracle, a preparation can be made which permits the physiological 


functioning and nervous control mechanisms of the spiracular apparatus to be 
studied in detail. 

(2) The neuromuscular mechanisms were examined with the aid of electrical 
stimulation of the motor nerve and intracellular recording from the closer muscle. 


‘The closer muscle receives two motor axons, each of which appears to give responses 
in all the muscle fibres. 

(3) Each of the axons promotes a twitch contraction when stimulated with a 
single shock. One of the responses is only one-third the magnitude of the other; 
it is referred to as the slow response, the other being called the fast response. ‘The 
corresponding axons are called fast and slow by analogy with the terms used in 
doubly-innervated crustacean muscle, although the differences are here thought 
to be due to differences in force, rather than speed, of contraction. 

(+) The electrical responses consist largely of end-plate potentials. There are 
secondary responses in a few fibres but they are abortive and do not exceed 12 mV. 
Electrical responses occurring to stimulation of the slow axon are similar in time- 
course to those of the fast, but they are about two-thirds their magnitude, in most 
fibres. 

(5) The normal control mechanism of the spiracular muscle was investigated, 
starting with the nearly-intact animal. The rhythmic opening and closing move- 
ments are determined by periods of firing or rest in the fast axon. These are 
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controlled in turn by the abdomen, the metathoracic ganglion, and the mesothoracic 
ganglion itself, in that order of influence. 

(6) The closing nervous discharge is an irregular one, but with a high propor- 
tion of close pairs of impulses. Its average frequency in different preparations 
varied from 15 to 80/sec. ‘The durations of opening and closing remain constant 
over long periods, but they vary a great deal from preparation to preparation. 

(7) A neural model which could account for some of the observed features of 
the discharge is proposed and discussed. 

(8) No evidence was found for a peripherally-located sensory-motor nervous 
system affecting the functioning of the spiracular muscle. 
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Abstract—The effects of DDT and bodily stress upon the oxygen consumption and 
neuromuscular system of Periplaneta americana L. have been investigated and compared. 
Tolerance of DDT in two strains of cockroaches has been shown to be correlated with 
tolerance of stress. A tentative hy pothesis as to the course of the insect’s reaction to 
poisoning and to stress is put forward and briefly discussed. 


INTRODUCTION 
WHEN an insect is treated with a poison such as DDT it is subjected to a period of 
bodily stress. In the interpretation of the biochemical and physiological distur- 
bances associated with the action of the insecticide it is important to know the 
effects of stress alone. ‘This may enable the specific effect of the insecticide to be 
distinguished from the non-specific consequences of poisoning. BEAMENT (1958) 
recently described a condition of paralysis in the cockroach caused by prolonged 


maltreatment of various kinds. He showed the presence of a toxic substance in the 
haemolymph of the paralysed cockroach which would induce paralysis when 
injected into a normal one. ‘The experiments described in this paper were designed 
to throw more light on the phenomenon of paralysis and to show its relation to the 
condition of prostration produced by DDT poisoning. Throughout this paper 
the term ‘ 
and ‘prostration’ to describe collapse due to DDT poisoning. 


paralysis’ has been used to describe collapse following physical stress 


MATERIALS AND METHODS 

Adult male Periplaneta americana were used in all experiments. They were 
handled without the use of anaesthetics but the minimum chill coma was used 
before DDT application or tying down. The insects were never completely 
immobilized. Except where stated, the cockroaches were reared at the laboratory 
on a diet of rolled oats, toppings (a wheat bran fraction), fishmeal and dried yeast, 
45:45:5:5 by volume. They received food and water ad /th. up to the time of 
experiment. Through the kindness of Dr. J. W. L. BeEament, cockroaches for one 
series of experiments were obtained from the Zoology Department, University of 
Cambridge. 

Continuous records of oxygen consumption were made on individual animals at 
27°C and 50 per cent relative humidity in two electrolytic recording respirometers 
kindly loaned by Mr. F. P. W. WintertncHam. A brief description of the 
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technique has been published by WINTERINGHAM (1955) and a detailed account 
is being prepared for publication (personal communication). 

The cathode ray oscilloscope apparatus used to observe electrical impulses in 
the nerve cord was of conventional design. ‘Two platinum hook electrodes placed 
beneath the cord between the second and fourth abdominal ganglia were used to 
pick up the impulses. Physical stress was imposed (cf. BEAMENT, 1958) by im- 
mobilizing the animals on their backs, or with a powder mill made by tying 
4-0z powder jars to the spokes of a wheel 14 cm from the centre and rotating it 
at 20 rev/min. In the respiration experiments individual cockroaches were tied 
to drilled Perspex sheets with cotton thread. One thread passed across the thorax 
and each leg was separately secured by a thread tied between femur and tibia. 
The Ringer solution used was prepared as described by Hoy.e (1935). 


RESULTS 

The terms used by various workers to describe the same stages of DDT 
poisoning sometimes differ. ‘Those used in this paper are defined in Table 1. 
Cockroaches paralysed by physical stress show outward symptoms indistinguishable 
from prostration and late prostration but do not exhibit earlier symptoms. 


TapLe 1. TERMS USED TO DESCRIBE THE STAGES OF DDT POISONING 


Descriptive term Definition—stage of poisoning 


Initial tremors Slight ataxia, ‘hangover’ effect—jumps when 
jar is tapped 


Tremors Still able to stand but limbs tremble and twitch 
On back kicking Unable to stand, violent convulsions 

Prostrate Lies on back, legs twitch 

Late prostrate Very desiccated, shortened abdomen, darkening 


of cuticle, curling of antennae and caudal 
cerci, few very slight movements 


Respiration experiments 

Comparative measurements of oxygen consumption have been made on cock- 
roaches treated topically with 100 ~g DDT in 5 pl acetone and on animals tied on 
their backs to Perspex sheets. Out of 14 tied-down cockroaches examined in the 
respirometer 4 became paralysed. Fig. 1 (a) is a graph of oxygen consumption 
against time for two tied down cockroaches one of which became paralysed. In 
Fig. 1 (b) is shown the oxygen consumption of one DDT-treated and one control 
insect. The cockroaches which were tied down but did not become paralysed 
showed a similar respiratory pattern to the controls which were free to move at will 
within the respirometer. Even w hen they struggled violently against their bonds 
they did not respire nearly so fast as the DD'T-treated ones or the stressed animals 
which became paralysed. ‘The surge of respiration preceding prostration or para- 
lysis followed a similar pattern in all cases but the time interval between treatment 
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and the burst of respiration was less constant in the paralysed animals. No inter- 
mediate respiratory pattern between the normal and that preceding paralysis or 
prostration has been found. ‘The onset of paralysis seems therefore to be an all or 
none phenomenon. 
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Graphs of oxygen consumption against time for individual cockroaches 


TABLE 2. OXYGEN CONSUMPTIONS OF INDIVIDUAL COCKROACHES (a) TIED DOWN, (6) TREATED 
TOPICALLY WITH 100 npg DDT IN ACETONE OR UNTREATED. POINT ‘P’ IS THE TIMI 
OF PROSTRATION OR PARALYSIS 


(a) 


Paralysed Not paralysed 
one 
Days to ‘P’ | O,to‘P’ cm*/g lime (days) | O, used cm*/g 
| 
3} 67°5 | 13 107°5 
5 102-8 13 109-8 
2} 55-6 13 109-9 
} 20.2 


DDT Control 


Days to ‘P” O, to ‘P’ cm*/g_ | Time (days) | O, used cm*/g 
24 | 55-5 | 13 | 106-6 
24 64-3 17 131-9 
24 | 69-4 | 
2) 60-0 
i 


Table 2 gives the total oxygen consumptions of cockroaches up to the point of 
paralysis or prostration and of controls kept in the respirometers without food or 
water for two weeks. Owing to the difficulty of deciding the exact time of collapse 
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of insects tied in an unnatural position in a respirometer, in the case of tied-down 
cockroaches the point of paralysis has been taken as the time at which their 
respiratory rates fell below those of the controls. Five cockroaches which had 
remained in the respirometers for thirteen days or more without food or water 
showed no signs of paralysis (‘Table 2). ‘They had all consumed more than 106 ml 
oxygen per gramme body weight. It is therefore unlikely that the collapse of 
prostate or paralysed cockroaches which frequently occurs when much less oxygen 
has been used is due to complete exhaustion of endogenous reserves. The insects 
may become unable to utilize their remaining reserves due to a failure of transport 


mechanisms or a biochemical lesion. 


Tolerance of stress 

Fifty Cambridge and 31 P.1.L. cockroaches were each dosed with 20 yg DDT 
in 20 yl acetone applied topically to the ventral abdomen and were placed in 
separate | lb jam jars with food and water at 25°C. All showed initial tremors 
within an hour and marked tremors 15 hr after treatment. As shown in Fig. 2 


the Cambridge stock were much quicker to become prostrate. 
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Fic. 2. The effect of DDT on two strains of P. americana. 20 wg DDT was applied topically 


in acetone to each individual at zero time. 


A number of animals from each strain were subjected to stress in a powder mill. 


The results are shown in Table 3. 


TABLE 3. EFFECT OF POWDER MILL STRESS ON P. americana 


Cambridge strain P.1.L. strain 


184 hr 
18 
0 


Time of exposure 8 or 
No. animals used 

No. paralysed after 8 days 

No. paralysed after 19 days 


MN 


— 


Lt. 
2” 
= 
| 
75> 
50> 
j o 4 
25) PILL 
| 
va 
ia 


THE REACTION OF THE COCKROACH TO BODILY STRESS AND DDT 399 


The P.I.L. strain is more difficult to paralyse by means of a powder mill than 
the Cambridge one. It is also less susceptible to DDT. The difference in suscepti- 
bility to these two forms of stress may be an indication of vigour tolerance as 
defined by Hoskins and Gorpon (1956). The P.I.L. strain may be able to with- 
stand some of the secondary effects of DDT poisoning although there is no 
indication that they are resistant to the primary action of DDT. 


Neuromuscular disturbances 


‘The impulses passing along the ventral abdominal nerve cord of a number of 
cockroaches have been examined. In those treated with DDT, trains of impulses 


are always observed at the stage of tremors and frequently continue after pros- 


tration. Another feature of DDT poisoning is facilitation in ganglia. This is 


readily demonstrated in P. americana using the reflex arc from the hair receptors 


on the caudal cerci via synapses in the sixth abdominal ganglion to the thoracic 


ganglia. ‘he impulses are carried up the cord by giant fibres and are therefore 


easily monitored. When facilitation is present the ganglion continues to discharge 


for up to a minute after a single short air puff stimulus to the receptors. Table 4 


contains our observations on the occurrence of trains of impulses in the nerve cord 
Facilitation was clearly seen in two paralysed and five prostrate cockroaches. It 
can be obscured by hyperactivity and trains of impulses in the cord. 


‘THE OCCURRENCE OF TRAINS OF IMPULSES IN THE VENTRAI 
ABDOMINAL NERVE CORD OF P. americana 


TABLE 4 


Condition of animal No. examined No. showing trains 


Prostrate (DDT) 45 30 


Paralysed (stress) 13 8 


Normal 0 


‘Tremors of the limbs were found at the early stage of paralysis in all of 83 
cockroaches. ‘The later stages of paralysis were indistinguishable from late 
prostration. 

The authors independently observed that the respective trains of impulses in 
cords of paralysed and prostrate cockroaches differed qualitatively. Those of 
paralysed insects appeared to be less regular and less persistent. Moreover, after 
thorough washing of the body cavities of paralysed cockroaches with Ringer 
solution, in several cases trains entirely ceased and facilitation could no longer 
be found. One explanation for this might be that the trains of impulses in paralysis 
are caused by a toxic substance in the haemolymph which is washed away when 
the haemocoel is flushed with Ringer solution. 

The appearance of cockroaches which are approaching death from almost 
any cause resembles that in late prostration. Only when they are killed quickly, 
as for instance by freezing to — 10°C, do they escape desiccation. It seems likely 
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that as the volume of haemolymph diminishes the transport of metabolites must 
be seriously affected. If this is so the neuromuscular disturbances following 
paralysis might be due to partial depolarization of charged membranes caused by 
accumulation of potassium ions on their outer surfaces, the animal having no 
transport mechanism to remove them. ‘There is no evidence that the trains of 
impulses at the stage of prostration or paralysis have exactly the same character- 
istics as those at tremors. 
DISCUSSION 

There is now a great deal of evidence from many workers that the reaction of 
the cockroach to bodily stress resembles the effect of DD'T and some other insecti- 
cides. The stimulatory effect of DDT upon respiration of many species of insects 
has been reported by a number of authors. We have observed that a similar surge 
of respiratory activity precedes paralysis or prostration and that there is a correlation 
between tolerance of DDT poisoning and of physical stress. ‘TOBIAS, KOLLROs, 
and Savit (1946) reported an increase in the level of acetylcholine at prostration 
in whole Musca domestica and in the nerve cord of P. americana. Lewis and WALLER 
(personal communication) have confirmed the increase in the nerve cord of pros- 
trate P. americana and have further shown that a similar increase occurs at paralysis. 
Toxic substances other than the applied insecticides have been demonstrated in 
the haemolymph of cockroaches subjected to DDT poisoning and to mild electric 
shocks (STERNBERG and KEaARNs, 1952; STERNBERG, CHANG, and Kearns, 1957), 
to pyrethrum poisoning (BLUM and Kearns, 1956), to physical stress and to electric 
shock (BEAMENT, 1958). 

It is suggested that whenever a lethal dose of a convulsant insecticide is applied 
to a cockroach, unless the toxic action is very rapid, a generalized stress syndrome 
will be superimposed on the specific response to the insecticide and may even 
obscure it. It is further suggested that any stimulus, either poison or stress, which 
is sufficiently strong, sets up a trigger reaction at point A (see Fig. 1). ‘The stress 
syndrome then commences. There is a surge of respiration which continues until 
the time corresponding to point B in Fig. 1. At this point either a failure of 
transport due to desiccation or a biochemical lesion takes place, and the insect is 
no longer able to make use of its food reserves. ‘The level of high energy phosphates 
falls and collapse ensues. 

WINTERINGHAM (1956) has shown that in prostrate houseflies (corresponding 
to point B in Fig. 1b) there is a fall in the level of adenosine triphosphate (ATP) 
in the thorax. This occurs before the exhaustion of endogenous reserves, as indi- 
cated by measurements of oxygen consumption. A similar fall in ATP at prostration 
has been suggested by experiments on the cockroach nerve cord (HEsLop and Ray, 
1958) and the observations on total oxygen consumption to the point of paralysis 
or prostration made in this study also support the contention that collapse of the 
insect is not due to exhaustion of reserves. 

Acknowledgements—The authors are indebted to Dr. J. W. L. BEAMENT, Mr. 5. E. Lewis 
and Mr. F. P. W. WINTERINGHAM for much valuable discussion. 
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Abstract—Normal neuromuscular function in those insects with high extracellular 
fluid potassium concentrations has prompted theories which state that the tissue 
environment is either protected by a sheath which serves as a diffusion barrier, or 
that the physiologically active (ionized) potassium is present in much lower concen- 
tration than the total measured, because a large fraction is ‘bound’. The present 
study was designed to test both chemically and physiologically the possibility that ion 
binding occurs in haemolymph. 

Analyses of the major haemolymph constituents in Telea polyphemus Cram. 
revealed a pattern similar to other Lepidoptera, the principal features being a high 
potassium, high magnesium, low sodium, and a low chloride concentration. Heart and 
wing muscle analyses indicated about twice as much potassium intracellularly as 
extracellularly, but there was no sodium gradient. Haemolymph ultrafiltration demon- 
strated that between 15 and 20 per cent of calcium and magnesium were bound to 
macromolecules that did not pass the ultrafilter, but no binding of either potassium 
or chloride was apparent. Electrophoretic analysis indicated that the principal protein 
migrated like an a-2-globulin, a protein with known low binding capacity. Haemo- 
lymph osmotic pressure measured with a physical method was about twice the value 
determined with the red cell osmometer technique, due to the rapid passage of osmo- 
tically active particles, as well as water, across the red cell membrane. These particles 
are probably amino acids, but they do not carry any measurable potassium with them 
into the red cell, indicating that even if they do serve to some extent as anions in 
haemolymph the complex with potassium is not sufficiently tight to be called ‘bound’. 

Trans-membrane resting potentials of skeletal and heart muscle determined with 
the micro-electrode technique were in the range predicted from the cellular and 
haemolymph concentrations of potassium. Heart muscle action potentials ranged 
from 30 to 50 per cent of the resting value and in no instance exhibited ‘overshoot’. 
The depression in excitability of frog skeletal muscle exposed to insect haemolymph 
was similar to that measured in control muscles exposed to Ringer’s solution with 
equivalent potassium concentrations. Since each of these physiological measurements 
is dependent solely on the concentration of ionized potassium, it may be inferred 
that no haemolymph potassium is in ‘bound’ or un-ionized state. 


Ir has long been known that the haemolymph of phytophagous insects is 
characterized by an ionic pattern which by vertebrate standards is unusual. Of 
particular interest has been the very high extracellular fluid potassium concentration 
with low sodium and chloride, high magnesium, and slightly elevated calcium 


* Supported in part by a research grant from the National Heart Institute of the National 
Institutes of Health, Department of Health, Education, and Welfare. 
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concentrations. Other unusual aspects include an extraordinary high amino acid 
content and a total osmotic pressure which has been reported to range from values 
approximately equal to that of mammalian plasma (BACKMAN, 1912) to twice that 
value (Buck, 1953). There is no literature on the chemical anatomy of tissues in 
those insects with the highest potassium values in haemolymph; nor is it known 
whether there is a significant change between pupal and adult haemolymph, 
although there is information comparing larval and pupal values (Tosias, 1948). 

The physiological consequences of an extracellular fluid of this ionic 
composition, particularly upon excitable tissues, has been the subject of several 
investigations and considerable speculation (Barsa, 1954; Hoy.e, 1957; Woop, 
1957). ‘The remarkably high potassium concentration has been of primary interest 
since in most vertebrate tissues the concentration normal to the phytophagous 
insects would exert a profound depolarizing effect with resultant reduction of 
excitability. Various hypotheses have been advanced to account for the normally 
functioning excitable tissue in those invertebrates with a high extracellular potas- 
sium. These have included: (a) a protective sheath which acts as a diffusion 
barrier to the ionic species in the extracellular environment, and/or (b) cation 
‘binding’ to an extent which reduces the concentration of potassium in ionized, 
or physiologically active, form to approximate the normal vertebrate range. 

The present study was designed to examine the chemical constituents of both 
the haemolymph and muscle tissue in the moth Telea polyphemus Cram. with 
attention devoted particularly towards ascertaining the extent of ion binding. 
Specifically this study contains chemical analyses of whole serum and ultrafiltrates. 
Two physiological techniques were employed to evaluate the effective potassium 
concentration in the haemolymph: (1) measurement of the resting trans-membrane 
potential of muscle fibres bathed in the endogenous haemolymph, and comparison 
of the measured value with the theoretical value predicted by the Nernst equation 
assuming the analysed potassium to be totally ionized; (2) a study of the effect 
of insect haemolymph in altering the excitability of frog muscle. In addition, 
a comparison has been made between the osmotic activity of insect haemolymph 
as determined by a physical method and the older method utilizing the human 
red cell as an osmometer in order to resolve the widely varying values cited in the 
literature. 


METHODS 

Pupal haemolymph was collected in late May and early June. The haemolymph 
of two pupae was combined for each aliquot, centrifuged, and the supernatant 
fluid removed for analysis. Adult haemolymph was obtained from animals 2-4 hr 
after emergence. ‘The adult was placed in a humidified chamber, the wings severed, 
and haemolymph collected directly into micro-pipettes from the bleeding vessels. 
Each analysis was from a single animal. Wing muscle and heart muscle were 
removed from five adult specimens, blotted, weighed, and baked. ‘They were then 
reweighed, fat extracted, and ashed. Analyses for sodium and potassium were 
made on the ash in solution. 
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Sodium and potassium were measured with an open flame photometer with 
internal standard. Magnesium was determined with a spectrophotometer by the 
CLarK and Craic (1953) modification of the Taras Brilliant Yellow colorimetric 
method. Calcium was determined according to BAcHRA, Daver, and Soper (1958) 
with the following modifications: (a) samples were ashed before titration since the 
strong colour of the serum masked the end point when samples were titrated 
directly; (b) titrations were performed in a Pyrex spot plate rather than in test 
tubes; (c) EDTA was standardized against calcium standards of 12 mEq Ca/l. 
with and without 60 mEq Mg/l. The addition of magnesium to the standard 
caused an error (compared to the pure standard) of less than 1 per cent. The 
standard value determined by the mixed standard was used in all calculations. 
As reported by Patron and Reeper (1956) the end point was sharper when 
magnesium was present. Chloride was determined by the CARAWay and FANGER 
(1955) modification of the Schales and Schales titration. Inorganic phosphate was 
determined according to Fiske and Subbarow, and protein and NPN by the micro- 
Kjeldahl method (all three as cited in HAwK, Oser, and SuMMERSON 1954). pH 
was measured at room temperature with a glass electrode. Urea was determined 
by the vAN SLYKE (1927) gasometric method. Water content was determined by 
drying to constant weight at 105-110°C, 

Osmotic pressure of pupal haemolymph was measured by the thermo-electric 
vapour pressure method (BaLpes, 1934) and by the mammalian red cell method 
(BackMAN, 1912), the latter modified as follows. One volume of packed human 
red cells was equilibrated with four volumes of haemolymph. ‘The tubes were 
centrifuged and most of the supernatant was removed. After resuspending the 
cells in the remaining supernatant the haematocrit ratio (micro method) and 
Drabkin’s haemoglobin were determined, and mean corpuscular haemoglobin 
concentration (MCHC) was calculated. Cells from the same subject were also 
equilibrated with sodium chloride solutions ranging from 0-85 to 1-8 g per cent, 
and with potassium chloride solutions osmotically equivalent. ‘This method 
enabled estimation of the ‘effective’ osmotic pressure with an accuracy of + 
2 per cent. Potassium was determined in the supernatants and in the remaining 
cell suspensions. Potassium in milliequivalents per litre of cells was calculated 
from the haematocrit. No correction was applied for trapped plasma (saline), 
which accounts for the slight difference in calculated potassium between cells in 
sodium chloride and cells in high potassium solutions. 

Specific gravity was determined at 24°C by weighing 100-150 A volumes of 
haemolymph and ultrafiltrate in calibrated micro-pipettes. Ultrafiltrates were 


prepared by applying 20 cm Hg positive pressure against collodion and cellophane 
dialysis membranes. No differences could be detected between samples prepared 
with the two types of membrane. Filtration time varied from 2-4 hr. During the 
entire filtration time both the whole serum and ultrafiltrate sides of the membrane 


were in contact through air with sucrose solution isosmotic with the haemolymph. 
‘Trans-membrane resting potentials of heart and flight muscle were measured 
with the intracellular micro-electrode technique of Linc and Gerarp (1949) in 
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both adult and pupal specimens. The specimen was incised, sufficiently only to 
expose the muscle, and pinned on a paraffin block. In study of cardiac muscle it 
was necessary to dissect away some of the adipose tissue to obtain adequate 
exposure. Measurements were made immediately after preparation and without 
addition of any saline or other foreign material. 

Square wave stimuli of variable amplitude and duration were used to determine 
threshold of local excitation of paired excised frog sartorius muscle. One of each 
pair of muscles was equilibrated for 15 or 70 min w ith Ringer’s solution containing 
3 mEq K/l. The second muscle of each pair was equilibrated for 70 min with 
(a) Ringer’s solution containing 10 mEq K |.. or (b) Ringer’s solution containing 
20 mEq K/L. or (c) for 15 min with a 1:1 distilled water dilution of pupal haemo- 
lymph. The Ringer’s solution was as follows: NaCl plus KCl, 83 mM/l.; MgSO, 
1 mM/L.; CaCl,, 2 mM/1.; NaH,PO,, 5 mM/L; Na,HPO,, 10 mM/1.; NaHCQs, 
3 mM/l. Six per cent carbon dioxide in oxygen was bubbled through all four 
solutions prior to and during muscle equilibration. ‘The pH of all four solutions 
was 6°5 (measured). 


RESULTS 

Tables 1 and 2 list the results of chemical analyses of cell-free pupal and adult 
haemolymph. ‘The pupal values do not differ greatly from those reported by others. 
Although the extent of examination of adult fluid was limited due to the small 
amount obtainable, it does not appear that there is, for those constituents measured, 
a significant difference following maturation. There is, however, an extraordinarily 
wide range of individual variation for most of the electrolytes. ‘Table 2 also includes 
values for the sodium and potassium concentrations in the skeletal and heart 
muscle fibres from pooled tissue samples, and it appears that for potassium at 
least, the intra- to extra-cellular potassium gradient, although of a low order of 
magnitude, is in the same direction as in vertebrates. ‘The sodium concentration 


TABLE 1 


Pupal haemolymph* 


2:5 mEq/1. 
59-3 mEq/1. (45°: 78-0) 
73-8 mEq/l. (58-8-82-5) 
11-6 mEq/l. ( 
19-5 mEq/l. (16°9-21°8) 
35-1 mEq/L. (12-2-66°9) 
| 92 per cent 

Protein 8-1 g per cent 

NPN 36°5 mg per cent 

Urea 7 mg per cent 

pH 6°5 
—1-17°C 


* Values given are means of analyses on five specimens. Maximal and minimal values are 
indicated in parentheses. 
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is so low as to be of questionable accuracy, particularly in the tissue analyses, in 
which case no attempt was made to correct for extracellular fluid contamination. 


TABLE 2 


Haemolymph* Adult 
K 54-1 mEq/l. (443-81) 
Me 72 mEq/1. (65-5-78-4) 
Cl 20-8 mEq/l. (17-2-23-3) 


Heart musclet 


Na 20-0 mEq/kg wet weight 


K 88-7 mEq/kg wet weight 


Striated musclet 


7-6 mEq/kg wet weight 
7°3 mEq/kg wet weight 


Na 
| 


1 


* Analyses on five specimens. Range in parentheses. + Analysis of pooled tissue from five insects. 


Due to the very low sodium concentration in haemolymph, it was not possible to 
obtain an adequately large sample of adult haemolymph for sodium analyses. 
In Fig. 1 are illustrated the concentrations of the four primary electrolytes analysed 
in haemolymph sera and in the ultrafiltrates, together with the percentage of serum 
concentration appearing in the ultrafiltrate. Although, as above noted, the individual 
variation in concentration of any single electrolyte is great, the percentage of serum 
concentration appearing in the ultrafiltrate encompasses a much narrower range. 


Fic. 1. Concentration of principal inorganic ions of pupal haemolymph in cell-free serum 
and ultrafiltrate. Range of maximum and minimum values indicated by insert bars. 
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Doubling the calcium concentration of haemolymph by adding calcium chloride 
changed the fraction bound of neither magnesium nor calcium. This indicates 
that the absolute amount of calcium ‘bound’ to non-filtrable molecules was in- 
creased two-fold, and since the concentration of protein and other macromolecules 
was not changed, binding sites do not appear to be saturated at physiological 
calcium concentrations in natural haemolymph. The effect of pH on the cation 
binding by haemolymph protein has not been examined in detail, but one would 
expect an increase as the pH rises. Since the haemolymph measurements in this 
study were made at pH 6-6-6°8, slightly above physiological range, the extent of 
binding under normal circumstances in vivo may be even less. It is to be noted 
that there was no evidence of either potassium or chloride binding. It thus appears 
that despite the very high protein content of haemolymph, binding to macro- 
molecules is of some importance for divalent cations but is not demonstrable for 
monovalent cations. 

The osmotic pressure of pupal haemolymph, as determined by freezing point 
depression, is equivalent to 1-76 per cent saline (14 atm); yet when measured by 
the human red cell osmometer technique it appears to be equivalent to 1-03 per 
cent sodium chloride (8-2 atm), a value 40 per cent lower than the true value 
(Fig. 2). This suggests that the human red blood cell membrane is permeable to 
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Fic. 2. Human red cell volume change following equilibration with solution of known 
osmotic strength and with pupal haemolymph diluted 1 : 1 with distilled water (abscissa 
and left ordinate). Potassium concentrations in red cells is indicated on right ordinate. The 
potassium values for cells suspended in high potassium solutions lie off the experimental 
volume curve, probably due to contamination of cell sample with trapped plasma. 
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a large portion of the osmotically active particles of the haemolymph, and this 
could explain the different values for haemolymph osmotic pressure reported in 
the literature, since many of the earlier determinations employed the red cell 
osmometer technique. It is conceivable that these osmotically active particles, 
presumably amino acids, might serve to bind potassium, but if the ultrafilter were 
permeable to these particles, that technique would fail to demonstrate their binding 
capacity. However, if these molecules moved across the red cell membrane to 
establish osmotic equilibrium, and took with them any ‘bound’ potassium there 
should result a rise in intra-erythrocyte potassium concentration. Consequently, 
the potassium concentration and haematocrit ratio were determined using human 
red cells suspended in haemolymph and for comparison, in cells suspended in 
sodium chloride, and potassium chloride solutions of varying tonicities. Since 
there does result some red cell shrinkage on exposure to haemolymph or any other 
hypertonic solution, the normal intracellular potassium concentration would rise 
due to loss of cell water. In order to examine the possibility of potassium entry it 
is necessary to correct for this simple concentration effect. ‘The haemolymph used 
in this experiment had an ‘apparent’ osmotic activity of 1-03 per cent NaCl 
and a potassium concentration of 70 mEq/l. The potassium concentration of red 
blood cells suspended in this haemolymph would be equal to the value predicted 
from loss of cell water provided that the cells neither gain nor lose potassium when 
suspended in the haemolymph. The predicted potassium concentration was 117-4 
mEq/I., and the actually determined value was 117-6 mEq K/1. That is to say, 
the change in cellular potassium content is explainable as a simple concentration 
effect accompanying cell volume change and provides evidence that whatever 
particles enter the red cell from haemolymph are not accompanied by potassium 
(see Fig. 2). 

The potential difference existing across the membrane of a living cell is ex- 
plainable in terms of the gradient of chemical potential, and since the latter is a 
function of ions in solution it would be instructive to compare the measured value 
with that theoretically predictable from the measured chemical constituents. 
Since the membrane potential is almost entirely accounted for by the potassium 
gradient, if the measured value is equal to the predicted, then this may be taken as 
reasonable evidence that the potassium exists in ionized form. It is interesting 
that resting membrane potentials in insect tissue which have been reported 
previously have all been measured in artificial solutions and hence do not provide 
pertinent information relative to the question of potassium state in haemolymph. 

Trans-membrane resting potentials measured on the striated and cardiac 
muscle in late pupae gave a mean value of 15-4 and 18-3 mV respectively. 
In a one-week-old adult the cardiac trans-membrane potential was 8-5 mV. The 
range of potassium values listed in Tables 1 and 2 provide data for calculating 
predicted membrane potentials by the Nernst equation and indicate that the 
values should lie in the range of 8-18 mV. The calculated potentials entail two 
chief sources of error: (a) the contribution of ions other than potassium have been 
neglected, a practice commonly accepted with vertebrate tissues, but possibly 
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erroneous with insect; and (b) tissue analyses were not corrected for extracellular 
fluid contamination. The true intracellular potassium concentration is probably 
somewhat higher than reported. Nonetheless, the measured values are in remark- 
ably close agreement with those predicted and provide further evidence that the 
potassium in the haemolymph is in ionized form. 

Trans-membrane action potentials from pupal heart muscle were never equal 
to the resting potential but were in the range 30-50 per cent of the resting value. 
In all instances there was incomplete depolarization and no evidence of ‘overshoot’, 
phenomena very similar to that seen in vertebrate smooth muscle. 

Excitability of frog skeletal muscle as measured by the strength—duration 
curve shows a progressive decrease as the extracellular fluid potassium concen- 
tration is elevated. A muscle bathed in haemolymph diluted 1:1 with distilled 
water, the resulting solution containing 30-4 mEq K/L. reacted as expected for 
an ionic potassium concentration greater than 20 mEq/l. (Fig. 3). This would 
suggest that little or none of the potassium present in haemolymph was in a non- 
active state. However, the low sodium and chloride content of the diluted 
haemolymph prevent exact interpretation. 
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Fic. 3. Excitability curve of frog sartorius muscle bathed in Ringer’s solutions of varying 
potassium concentration and in haemolymph diluted 1 : 1 with distilled water. 


DISCUSSION 
Since the earliest analyses of insect haemolymph, and especially since the 
development of the ionic theory of membrane potentials, there has been a great 
deal of speculation concerning ion binding in insect haemolymph. ‘The pertinent 
literature prior to 1953 has been reviewed by Buck (1953). There has never been 
any direct evidence for ion binding in haemolymph, the conclusion rather having 
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appeared necessary from certain experiments that appeared difficult to interpret 
otherwise. Barsa (1954), for instance, in studying isolated heart preparations of 
Chortophaga viridifasciata and Samia walkeri bathed in a variety of solutions, 
concluded that half the potassium and most of the magnesium occurring in 
natural haemolymph must be bound because optimal heart function was achieved 
in artificial solutions made up of chloride salts of the various cations only when 
the cation ratios were much lower than in haemolymph. In addition to the 
difficulty of accepting such indirect and inferential evidence, the fact that attempts 
to demonstrate potassium binding in other biological systems (STEINBACH, 1950) 
have not been successful should provoke serious scepticism. The experimental 
procedure may have included details which themselves were responsible for the 
observations noted without introducing the issue of ion binding. These include 
the use of chloride as the anion species in making artificial bathing solutions 
whereas sulphate, phosphate, organic acids, and other organic compounds may 
serve this function in natural haemolymph. Although the effects of anions on 
membrane phenomena have not been studied in detail, it is possible that the 
chloride ion has some specific effect (FALK and McGrath, 1958). Secondly, ion 
antagonism is certainly an important phenomenon in insect physiology, but this 
cannot be evaluated simply by varying the ratio of cations without concern for 
their absolute value. Woop (1957) found that the sodium concentration had an 
effect on both resting and action potentials of Carausius morosus and that magnesium 
above a certain absolute value decreased the action potential and could not then 
be corrected by calcium antagonism. And finally, the use of sucrose as an inert 
constituent to elevate the osmotic pressure in insect solutions may introduce 
specific alterations since it is known that sucrose is toxic to vertebrate muscle 
(CARLSON, 1906). 

On the other hand, there has also been considerable indirect evidence suggesting 
that potassium is for the most part in physiologically active form. HoyLe (1953, 
1957) and ‘TwaroG and Roeper (1956) have found evidence for an active ion- 
barrier sheath enclosing the nerves. ‘Thus, 70 mEq of potassium per litre were 
tolerated by nerves of the locust as long as the natural sheath remained intact. 
Removal of the sheath led to an immediate depolarization. HoyLe has also reported 
that a rapid rise in the haemolymph potassium concentration to a peak of 80 mEq/l. 
occurs in the locust at moulting and during this time muscular contraction is very 
feeble. Electrical recording suggested a partial neuro-muscular block to be present. 
He considered both the weakness and the sub-neuro-muscular block to be of the 
degree expected with a free ionic potassium value of about the concentration 
measured in the serum. Further evidence tending to support the hypothesis that 
in the insect potassium is in the ionized form is provided by the experiment of 
Ramsay (1952) in which insects fed blood containing potassium chloride became 
weaker, and finally were unable to function as potassium was absorbed (potassium 
eventually went as high as 124 mEq/1.). 

Speculation on cation binding has been closely associated with attempts to 
discover the anion components of the haemolymph not accounted for by chloride, 
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phosphate, and sulphate. The three most likely possibilities have been proteins, 
amino acids, and organic acids. ‘The haemolymph protein concentration of many 
insects is relatively low in contrast to mammalian serum. FLORKIN (1936) states 
that the average plasma protein content is about 5 per cent in Hymenoptera, 3-4 
per cent in Coleoptera, 2 per cent in Lepidoptera, and 1 per cent in Orthoptera. 
Our measurements on the Lepidopteran, Telea polyphemus, indicate a higher 
value, about 8 per cent. Amino acids are present in high concentration in insect 
haemolymph and account for approximately 50 per cent of the osmotically active 
particles in some cases (BUCK, 1953). Consideration of the isoelectric point of 


amino acids of insect haemolymph indicates that these molecules would not make 
a substantial contribution to the anion pool, and our data indicating free movement 
of these substances across the red cell membrane without associated potassium 
suggest very strongly that potassium does not complex with amino acids sufficiently 
tightly to be called ‘bound’. Organic acids have been found in significant amount 
in several insects, and the ability of such organic acids as fumarate and citrate to 
form poorly dissociated complexes with divalent ions is well known, and the 
possibility that organic acids cause an appreciable depression of the ionized calcium 
and magnesium components in insects deserves further study. It seems, however, 
unlikely that the same may be true of potassium. 

There are relatively few determinations of sulphur. LEvENBOOK (1950) found 
in Gastrophilus larvae 9-7 mg per cent of sulphur of which 6:8 mg per cent was 
inorganic. BucK (1953) quotes Barber as finding 30 mg per cent in Prodenia. 
This would represent about 12 mEq sulphate ion if the ratio of total to inorganic 
were the same as in Gastrophilus. Values for phosphorus concentration cover a 
wide range, some being as high as 67 mg per cent (Buck, 1953). We have found 
concentrations in Telea polyphemus all the way from 38 to 270 mg per cent, but 
these values may be excessive since no attempt was made to inhibit phosphatases. 
The total value was about tw ice the inorganic value. It is very likely that sulphate 
and phosphate compounds w ith divalent metallic cations are not entirely dissociated. 
WaLseR and BROWDER (1958) state that the dissociation constant at 40°C and in 
‘onic strength of 0-15 is 0-004 for calcium sulphate and 0-050 for magnesium 
sulphate. We have not attempted to analyse haemolymph for sulphate but were 
it at a level comparable to that of Prodenia it can be seen that sulphate and phosphate 
together could account for a considerable decrease in the ionic activities of calcium 
and magnesium ion in this plasma. As with the organic acids, however, it is 
doubtful that the same is true for potassium. 

Were a significant amount of the haemolyph potassium in bound form, it 
would be anticipated that there would be a major discrepancy between the measured 
muscle membrane potential and the potential predicted by the Nernst equation 


using ion concentration values determined by chemical analyses. We have been 
unable to find in the literature reports of the resting membrane potential of muscle 
while bathed in the natural fluids. BELTON (1958) has reported resting membrane 
potentials of 40-65 mV in four moth species when the muscles were bathed in 
two different artificial solutions containing 10 and 50 mEq KIL. respectively. 
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He found no difference in potential between the two solutions and concluded that 
a diffusion barrier was present. He noted, however, that large changes in the 
concentrations of various cations effect the muscles after a considerable delay, 
but no further details were reported. A diffusion barrier would not protect the 
muscle in vivo except against transient changes in haemolymph concentrations. 
It is not clear from BeLTon’s brief report whether or not the potentials recorded 
were considered to correspond to those in the natural state, and certainly the 
solutions were not physiological. It is otherwise difficult to reconcile his findings 
with our own. Measurements of resting membrane potential fall within the 
general range predicted by the Nernst equation, thus adding further evidence 
that the haemolymph potassium is in an active state from the physical point of 
view. Physiologically it would appear that whatever ion antagonism may be 
present in insect haemolymph, it does not act in such a manner as to alter the 
expected trans-membrane potential. 

Such low membrane potentials in vertebrate tissue would probably not be 
compatible with a regenerative response or mechanical contraction. In the insect 
however, it has been shown (Hacrwara, 1953; Hoyie, 1957) that contraction 
occurs in high potassium solutions without a propagated action potential along 
the muscle surface. ‘The unique anatomical arrangement of multiple end plates on 
insect skeletal muscle provides for almost instantaneous depolarization of the 


entire unit making conduction unnecessary. In heart muscle the extremely slow 
conduction velocity (‘TENNEY, 1953) does not demand a large potential and the 
propagated disturbance here has many similarities to vertebrate smooth muscle. 


In nerve, however, the rapid conduction demands greater membrane potentials 
and presumably these are achieved by the action of the active ion-barrier sheath 
surrounding the nerves as demonstrated by Hoy.e (1953, 1957) and by ‘TwaroG 
and Roeper (1956). 
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